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Abstract 
 
Within the past decade, 2D Laplace nuclear magnetic resonance (NMR) has been 
proved to be a powerful method to investigate porous materials. However, it gives 
information only about integral characteristics of a given sample with regard to pore-size 
and pore connectivity. It is therefore desirable to combine MRI with 2D-Laplace NMR to 
generate information about fluid transport within defined areas of a sample. Spatially 
resolved D-T2 correlation maps were measured for four different samples: glass beads 
with different bead diameters saturated with water, glass beads filled with oil and water 
separated by a membrane, a wet mortar sample and glass beads filled with oil and 
water without a membrane. The information contained in pixels of similar contrast were 
exploited by spatially resolved D-T2 correlation NMR as a representative of 2D-Laplace 
NMR. Summation of pixels with similar contrast and low spatial resolution have been 
chosen to accelerate the measurement time which is inherently long for 2D-Laplace 
resolved MRI. This method reveals the heterogeneous information of these samples 
and is expected to be appreciated by the oil industry. 
Moreover, Gint2D - T2 maps were obtained to study the relationship between pore 
space and internal gradients in porous media. Three different kinds of samples were 
measured, which are glass beads with different bead diameters saturated with water, 
glass beads filled with oil and water, and a wet mortar sample. Two different cases are 
distinguished: 1) The heterogeneity of internal gradients dominates the heterogeneity of 
diffusion coefficients, which concerns the first sample. 2) The heterogeneity of diffusion 
coefficients dominates the heterogeneity of internal gradients, which occurs in the 
second sample. Only in the first case, the internal gradients can be estimated when 
assuming a constant diffusion coefficient across the sample. This result delineates the 
limitations of this assumption. Then the correlation maps of mortar were measured and 
internal gradient distributions were acquired to explore the utility of this method in 
reality.  Finally, spatially resolved Gint2D - T2 maps were studied at 7 T and 16 T to probe 
sample heterogeneity. 
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Chapter 1  
Introduction 
Porous media are widely used in industry and material science. For example, chemical 
reactors containing catalysts are porous materials. The petroleum industry is particularly 
interested in transport properties of porous sedimentary rocks containing oil. Water flow 
and state in soils are important in the areas of environmental protection and climate 
change. The cement drying process, which is related to the state of water in porous 
materials, is essential in the building industry. Thus, knowledge of the fluid state and 
structure within porous materials is desirable in many areas, and this information can be 
ascertained using various methods, such as mercury intrusion porosimetry and 
scanning electron microscopy. Compared to these methods, NMR is a noninvasive and 
powerful approach that can obtain information at both microscopic and macroscopic 
scales and is also sensitive to water dynamics. [1-10]. 
Spin relaxation time can provide the surface-to-volume ratio and pore size 
distribution of porous materials, which was first reported in the early 1980s [11, 12]. This 
technique was later widely implemented to monitor cement hydration and utilized by the 
oil industry in well-logging tools. By measuring the time-dependent diffusion coefficient 
of fluids in porous media, surface-to-volume ratios can also be obtained with NMR [13]. 
Because of the heterogeneous properties of porous materials such as rocks, the MRI 
method is particularly useful to provide local structure and fluid state information in the 
sample. This local information is extracted from the NMR imaging contrast provided by 
different parameters including relaxation, diffusion, and magnetic susceptibility [14, 15]. 
Moreover, the internal magnetic field gradient induced in porous media by magnetic 
susceptibility differences at material interfaces affects diffusion measurements, 
particularly at high magnetic field; this relationship can be used to probe the pore 
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structure. Insight into the relationship between pore space and internal gradient Gint has 
been explored by many researchers [16, 17]. 
Within the past decade, 2D Laplace nuclear magnetic resonance (NMR) has 
been developed to analyze pore geometry and diffusion of fluids in porous media on the 
micrometer scale. Many objects like rocks and concrete are heterogeneous on the 
macroscopic scale, and an integral analysis of microscopic properties provides volume-
averaged information. Magnetic resonance imaging (MRI) resolves this spatial average 
on the contrast scale set by the particular MRI technique. Desirable contrast parameters 
for studies of fluid transport in porous media derive from the pore-size distribution and 
the pore connectivity. These microscopic parameters are accessed by 1D and 2D 
Laplace NMR techniques. It is therefore desirable to combine MRI and 2D Laplace 
NMR to image functional information on fluid transport in porous media. This 
dissertation focuses on spatially resolved D-T2 and Gint2-T2 correlation porous media to 
explore the relationship between transverse relaxation time, diffusion coefficient and 
internal gradient. Information on heterogeneity on the microscopic scale is obtained by 
these locally resolved 2D correlation maps. 
In chapter 3, spatially resolved D-T2 correlation maps were measured for four 
different samples: glass beads with different bead diameters saturated with water, glass 
beads filled with oil and water in different compartments separated by a membrane, a 
wet mortar sample and glass beads filled with oil and water without a separating 
membrane. Spatially resolved information is obtained by back-projection imaging in 
order to acquire short echo time. Because 2D Laplace resolved MRI demands 
excessive measuring time, this study investigates the possibility to restrict the 2D 
Laplace analysis to the sum signals from low-resolution pixels, which correspond to 
pixels of similar amplitude in high-resolution images. Regions of similar contrast are first 
identified in high-resolution images to locate corresponding pixels in low-resolution 
images generated with D-T2 resolved MRI for subsequent pixel summation to improve 
the signal-to-noise ratio of contrast-specific D-T2 maps. This method is expected to 
contribute valuable information on correlated sample heterogeneity from the 
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macroscopic and the microscopic scales in various types of porous materials including 
building materials and rock. 
In chapter 4, internal gradients and diffusion effects in porous media were 
explored to gain a better understanding of the pore structure. When measuring 
distributions of transverse relaxation times T2 in fluid filled porous media, relaxation and 
diffusion D in internal gradients arise simultaneously and data are often interpreted with 
the assumption that one or the other parameter be constant throughout the sample. To 
examine this assumption correlations of the distributions of Gint2D and T2 were measured 
by 2D Laplace NMR for three different samples: glass beads with different bead 
diameters saturated with water, glass beads filled with oil and water with a separating 
membrane and a wet mortar sample. For the first two samples, the cases where either 
the internal gradient or diffusion dominates were examined separately in order to better 
understand the relationship between Gint and D. These results are useful for estimating 
the impact of internal gradients and diffusion in unknown samples, such as the mortar 
sample. The experiments were performed at different magnetic field strengths 
corresponding to 300 MHz and 700 MHz 1H Larmor frequency to identify the impact of 
the magnetic field on the internal gradient. Subsequently, spatially resolved Gint2D - T2 
maps were obtained to study the sample heterogeneity. The conclusions and 
perspective of this work are presented in chapter 5. 
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Chapter 2  
Fundamentals 
2.1 Magnetic Resonance Imaging (MRI) 
2.1.1 Basics of MRI 
Magnetic resonance imaging (MRI) is well-known as a clinical method. It is also growing 
more important for materials research, for example, to investigate flow and diffusion in 
porous media. The popularity of MRI is mainly due to two reasons [17-21]. First, the 
non-invasive nature of MRI enables us to observe the interior of materials without 
having to cross-section or cut the sample. This is especially important for medical 
applications. Second, many NMR parameters, such as spin density, nuclear spin 
relaxation time, chemical shift, and diffusion coefficient, can be used for imaging. 
The first MRI experiment was reported by Paul C. Lauterbur and Sir Peter 
Mansfield [22, 23]. They superimposed a magnetic field gradient G

 onto a main 
magnetic field 0B

, leading to a spatially dependent magnetic field. As a result, the 
Larmor frequency becomes spatially dependent, )()( 00 rGBr
   , where γ is the 
gyromagnetic ratio. This equation is at the heart of MRI. In the presence of G

, the NMR 
signal fraction dS at position r

 within a volume dV of a sample can be described as [24] 
                                 ])(exp[)()(),( 0 trGBidVrrCtGdS
   ,                                (2.1) 
where )(r
  is the local spin density, )(rC   is the contrast factor arising from other NMR 
parameters, such as T1, T2, the diffusion coefficient and so on. If the gradient is strong 
enough, the dephasing of the transverse magnetization is dominated by the gradient. 
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Therefore, the T2 effect can be neglected. When the NMR signal is ‘on resonance’, the 
integration of equation 2.1 for the whole sample is 
    )exp()()()( 3 trGirrrCdtS   .                                                                    (2.2) 
This equation describe a Fourier transformation. To make this point clear, Mansfield 
introduced the wave vector k

(=  2/tG ). Then, Eq. (2.2) can be reformulated as 
follows: 
         )2exp()()()( 3 rkirrrCdkS   ,                                                                (2.3) 
      )2exp()()()( 3 rkikkSdrrC   .                                                               (2.4) 
Thus, the signal acquisition for imaging is k-space sampling [25]. Based on the method 
of scanning in k space, two methods of the acquiring signal are defined: frequency and 
phase encoding. If the signal is acquired when the gradient is being applied (read 
gradient), a single line is scanned in k-space. This is called frequency encoding. If the 
 
Figure 2.1. (a) Pulse sequence for basic imaging method: spin echo imaging (b) Scheme for k-
space sampling. 
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signal is acquired after the gradient is applied (phase gradient), this is called phase 
encoding. Both methods are used for two dimensional imaging, and the whole of k-
space is scanned with increments of the phase gradient strength. This is depicted in 
Fig. 2.1. 
There are two basic parameters in MRI: Field of View (FOV) and resolution. The 
definition of the two parameters (for the read gradient) is shown below 
             FOV = 2π/(γGDW) ,                                                                                       (2.5) 
        Δr = Δω/γG,                                                                                                  (2.6) 
where DW is the dwell time, which is the time between the acquisition of two data 
points, and Δω is the line width of the signal. 
 
2.1.2 Contrast 
The fact that contrast is provided by many NMR parameters is an advantage of MRI 
[26]. The contrast is defined as the relative difference in image intensities M of 
neighboring structures i and j, 
        
max,max,
)()(
z
jziz
z
z
M
rMrM
M
M
   ,                                                                                    (2.7) 
where max,zM  is the maximum of )( iz rM
   and )( jz rM

, and ir

 and jr

 are the space 
coordinates of the pixels i and j under consideration. Then, these parameters are 
related to the material properties. If the different parts of the materials have different 
values of the NMR parameters, then information can be acquired about the materials 
based on the contrast in the NMR images. To achieve that, a filter preparation period is 
added before the space encoding and detection period. Different types of filter are 
discussed below based on which NMR parameter is used by the filter [27-29]. 
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T2 and T1 filters 
T2 contrast can be acquired by using a Hahn echo and CPMG pulse sequence [30]. The 
CPMG sequence is used when molecular self-diffusion is apparent. The saturation 
recovery, inversion recovery and stimulated echo are three different T1 filters. To obtain 
better contrast, a suitable value of the echo time (for the T2 filter) and of the recovery 
time (for the T1 filter) need to be chosen. The equations for the contrast factor are listed 
below, 
Spin echo 
  )](/exp[)( 2E rTtrC
  .                                                                                  (2.8) 
Saturation recovery 
                )](/exp[1)( 1r rTtrC
  .                                                                             (2.9) 
Inversion recovery 
        )](/exp[21)( 1r rTtrC
  ,                                                                           (2.10) 
where Et  is the echo time and rt  is the recovery time. 
Translational diffusion filters 
The translational diffusion filter generate contrast by self-diffusion. It can be 
implemented by using a stimulated echo pulse sequence which separates relaxation 
attenuation from the diffusion attenuation [31-33]. By varying the echo time in a static-
field gradient or the gradient duration and strength in a pulsed field gradient, diffusion 
contrast is introduced. To separate relaxation attenuation from the diffusion attenuation, 
a fixed echo time and diffusion time are employed in the stimulated echo pulse 
sequence with a varying gradient strength. The contrast factors for this method, which 
are determined by the diffusion coefficient, are shown below: 
      )]3/1()(exp[)( 222   rDGrC  ,                                                       (2.11)     
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where )(rD
   is the diffusion coefficient at position r , Δ is the diffusion time and δ is the 
gradient duration. This equation is only valid for free diffusion. For restricted diffusion, 
the echo attenuation is modified, and diffraction patterns may be observed. 
 
2.1.3 Back-projection imaging 
In contrast to Fourier imaging, which uses Cartesian k-space sampling, back-projection 
imaging applies radial k-space sampling [34-38]. This method is similar to that used in 
X-ray computerized tomography (CT). The basic principle of back-projection is 
described as follows: the object is placed in an imaging gradient G

, and the signal is 
acquired at the same time. Then, a radial line in k-space is recorded. By varying the 
direction of G

 while keeping the amplitude the same, the whole of k-space is sampled. 
In practice, G

 is a combination of the x-gradient Gx and Gy. These can be expressed by 
the following equation: 
   sinGGx
              cosGGy
 ,                                                                    (2.12)  
where   is the directional angle of the imaging gradient G .  
Another way to accomplish back-projection imaging is to keep the gradient 
constant but to rotate the sample. Then, the projection of the spin density of the object 
can be obtained by Fourier transformation of the k-space signal for each G

 direction. 
Using a series of projections with different angles, the    image of the object can be 
reconstructed by using an inverse Radon transformation. Therefore, this method is also 
called reconstruction from projections [39, 40]. Because the density of signal points in 
the center of k-space is higher than in the outer region, filters need to be employed. In 
this work a Hamming filter is used. Figure 2.2 shows the back-projection of an object 
with a simple geometry. 
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2.1.4 Spatially resolved NMR 
Spatially resolved NMR refers to measurements that generate NMR information from a 
sample with spatial resolution. The information can be, for instance, the chemical shift, 
the relaxation time and the diffusion coefficient. Spatially resolved NMR measurements 
can be obtained in three different ways by NMR imaging, the gradient method and the 
surface-coil techniques [26]. For the NMR imaging method, the whole sample (3D 
imaging) or a slice of the sample (2.5D imaging) is excited, and spin echo or CPMG-
method images of the sample are acquired with different attenuations of the T2 
relaxation. Then, for each pixel, the T2 attenuation data can be inverted by using an 
inverse Laplace transformation to obtain the T2 relaxation time distribution that 
corresponds to a certain region of the sample [41, 42]. An example of such a pulse 
   
Figure 2.2.  Demonstration of the back-projection principle: projections of the object are
acquired at different angles. 
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sequence is shown in Fig. 2.3a. The soft 90o pulse and a 180o pulse are combined with 
a slice-selective gradient to excite a slice of the sample. Then, the imaging gradients 
are added between the 180o pulses to image the slice of the sample during each echo. 
Using these T2 weighted images, spatially resolved T2 distributions are obtained. 
Spatially resolved images can also be obtained for other NMR parameters by using this 
method. Examples include diffusion weighted images and T1 weighted images.  
The gradient method, also known as volume-selective excitation, employs 
successive slice-selection pulses with mutually orthogonal gradients to excite three 
orthogonal planes of the sample. Then, the region at the common intersection is the 
volume element of interest. This method is of particular interest for localized 
spectroscopy experiments because it can select a limited region within the sample. The 
key to this method is to retain the magnetization of the selected volume element but 
destroy the magnetization of the other parts. Then, after applying a subsequent pulse 
sequence, the localized chemical shift, relaxation time, diffusion coefficient and other 
NMR parameters can be measured [43]. SPACE is one of the available pulse 
sequences that can be used to acquire such localized information. This is shown in Fig. 
2.3b. First, a selective 90o pulse is applied in the presence of a gradient, and a slice of 
the sample is excited. By using a 180o pulse, the magnetization in the slice is refocused 
and stored by the following hard 90o pulse. At the same time, the hard 90o pulse excites 
spins in other parts of the sample, and the magnetization are dephased due to the 
spoiler gradient. Only the magnetization components in the slice of interest is retained 
and stored along the z axis. Subsequently, orthogonal gradients are used, and only the 
magnetization in the intersected region is retained [44]. 
Compared to the two methods mentioned above, the surface coil method can 
obtain localized information without using gradients of the static magnetic field [45]. The 
surface-coil can be used for signal reception, excitation or both. When the surface-coil is 
used to receive the signal, the volume elements of the sample near the surface-coil 
have a high signal-to-noise ratio. In contrast, the volume elements of the sample away 
from the surface-coil have a low signal-to-noise ratio. Then, a sensitive volume is 
defined which contains localized information. Similarly, when the surface-coil is used for  
12 
 
 
 
Figure 2.3. a) Spatially resolved T2 distribution pulse sequence achieved by NMR
imaging. b) SPACE pulse sequence 
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excitation, a sensitive volume can be defined where the spins in the sensitive volume 
are excited properly, but the spins in the other parts of the sample are not excited or not 
enough. The sensitive volume is determined by the inhomogeneous B1 field and the 
relationship between B1 and transverse magnetization. Experimental details, such as 
the relaxation time and the pulse sequence, are important to the actual sensitive 
volume. For example, the sensitive volume for spin-echo excitation is smaller than that 
for single pulse excitation. The advantage of the surface-coil is that the sample does not 
need to fit inside the coil. This means that a sample with any shape can be measured 
without having to cut it. In low field NMR, a surface-coil is usually used. Examples of 
applications include single-sided NMR and well-logging tools. 
 
2.2 Porous Media in NMR 
2.2.1 NMR relaxation in porous media 
There are two basic relaxation processes in NMR: longitudinal relaxation and transverse 
relaxation. The longitudinal relaxation is also called spin-lattice relaxation, and it has a 
characteristic time constant T1. It is a measure of the ability of the macroscopic 
magnetization (for a nuclear spin system) to return to thermal equilibrium after a 
perturbation. At a molecular level, this process describes the energy exchange between 
spins and their surroundings (the lattice, by a mechanism such as rotating, chemical 
groups and paramagnetic ions). Then, the energy exchange rates depend on the 
interaction between the spin and the oscillating local magnetic field Bloc caused by 
molecular motion. When the frequency of Bloc is close to the spin resonant frequency, 
the energy is transferred efficiently between the spins and the lattice. Consequently, the 
spins transfer energy to molecular motion and the system returns to thermal equilibrium. 
The longitudinal relaxation of magnetization can be expressed by the equation: 
         )]/exp(1)[0()( 1TtMtM zz  ,                                                         (2.13) 
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where )(tMz  is the longitudinal magnetization at time t after an rf pulse is applied and 
)0(zM  is the equilibrium longitudinal magnetization. 
In porous media, the longitudinal relaxation process can be divided into two 
parts: relaxation in the bulk fluid and relaxation near a pore surface. Due to the 
presence of paramagnetic ions on pore surfaces, the relaxation rate of spins near the 
pore surface is much faster than that in the bulk fluid. There are two important rates in 
the pores: (1) the relaxation rate in the vicinity of the fluid-matrix surface, aw /  , 
where   is the surface relaxivity and a is the characteristic length of the pore. (2) The 
rate for molecular diffusion from the bulk fluid to the fluid-matrix surface, 2/ aDwD  . 
When wwD  , which is called the fast diffusion limit, the relaxation process is 
dominated by surface relaxation and can be expressed by (diffusion between pores are 
neglected) [46, 47]: 
     
V
S
TT b
1
,11
11   ,                                                                                          (2.14) 
where T1,b is the longitudinal relaxation time in the bulk fluid, ρ1 is the surface relaxivity 
for the longitudinal relaxation process, and S/V is the surface-to-volume ratio of the 
pores. In the low diffusion limit where wD<<0.1wρ, the relaxation process in one pore 
could be multiexponential. For the case where diffusion between the pores cannot be 
neglected, Cohen and Mendelson discussed the relaxation in detail [48, 49].  
In the fast diffusion limit, different relaxation rates correspond to different sizes of 
pores in the porous media. Therefore, the T1 relaxation distribution can be 
representative of the pore size distribution. The total NMR signal S(t) for all of the pores 
are expressed as: 
     })exp(1{)(
1
  i ii TtAtS ,                                                                        (2.15) 
where T1i is the spin-lattice relaxation time for each pore and Ai is the corresponding 
relative population of each pore. The T1 distribution can be obtained by Laplace 
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transformation of the signal. Therefore, the pore size distribution can be estimated from 
the T1 relaxation distribution with measured or estimated surface relaxivity. In another 
method, if the pore size distribution is measured by another method, such as mercury 
porosimetry, the surface relaxivity can be determined by combining the pore-size 
distribution with the T1 distribution [50-52]. 
Another NMR relaxation process is transverse relaxation, which is also called 
spin-spin relaxation. This process concerns the decay of magnetization in the 
transverse plane. The decay is due to the destruction of the coherence of transverse 
magnetization. There are two phenomena that can destroy the coherence. One is the 
process that causes the longitudinal relaxation. Another is the spin-spin interaction. 
Influenced by the spin-spin interaction, Bloc varies through the entire spin system. 
Therefore, it causes spins to precess at different frequencies at different positions, 
which causes the net transverse magnetization to decrease to zero. The decay of the 
transverse magnetization is described as: 
     )/exp()0()( 2TtMtM xyxy  ,                                                        (2.16) 
where Mxy(t) is the transverse magnetization at time t after the rf pulse is applied, and 
Mxy(0) is the magnetization in the xy plane immediately after the rf pulse is applied. 
In porous media, the T2 relaxation process also involves surface relaxation. In 
addition to this, molecular diffusion in the presence of a magnetic field gradient also 
contributes to the relaxation process. The magnetic field gradient can be the applied 
gradient or an internal gradient. The internal gradient arises from the differences in 
magnetic susceptibilities between the matrix and fluid. The expression for the T2 
relaxation rate (measured by the CPMG pulse sequence) is shown below, 
          
12
11 2
2
,22
DGt
V
S
TT
E
b
  ,                                                         (2.17) 
where T2,b is the transverse relaxation time in the bulk fluid, ρ2 is the surface relaxivity 
for the longitudinal relaxation process, G is the gradient strength, tE is the echo time and 
D is the diffusion coefficient. The T2 relaxation distribution can also be used to 
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determine the pore size distribution but only in a weak field where the internal gradient 
is small. An advantage of Equ. 2.17 is that diffusion information can be extracted from 
this equation with varying echo time [53-56]. 
 
2.2.2 Diffusion in porous media 
Due to existence of the pore walls the diffusion in porous media is restricted. Then, the 
diffusion coefficient is replaced by an effective diffusion coefficient, ,  
      
t
tr
tD
6
)(
)(
2
eff

 ,                                                                           (2.18) 
 
 
 
 
 
 
 
 
 
where 2)(tr

 is the mean-square displacement of the spins at time t. When t→0, the 
molecules diffuse a very short distance and experience no barrier. Therefore, the Deff(t) 
will be the free diffusion coefficient D0. When t increases, the number of molecules that 
rebound from the walls of pores Deff(t) decreases. In the case of t→ , Deff(t) becomes 
 
Figure 2.4.  Schematic of a porous media cross-sectional area. 
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zero for closed pores. For connected pores, Deff(t) reaches an asymptotic value, Deff( ), 
that is determined by the tortuosity effect. In the short diffusion time limit, Deff(t) can be 
expressed as [57,58], 
   tD
V
S
D
tD
0
0
eff
9
41)(  ,                                                            (2.19) 
where S is the pore surface, V is the pore volume, and t is the diffusion time. This 
equation means that diffusion measurements (at a short diffusion time) can be used to 
obtain pore-structure information, such as the surface-to-volume ratio [59, 60]. In the 
long diffusion time limit for connected pores, Deff(t) is defined as, 

1)(
0
eff 
D
tD ,                                                                                     (2.20) 
where α is the tortuosity, which is a measure of the pore connectivity in porous media. 
For a porous medium with a simple pore geometry, such as random packed glass 
beads, 1/ α can be calculated as 62.0~ , where   is the volume fraction of the pores 
in the sample. In more complex porous media, Deff(t) may be represented as [61, 62], 
    2/3
21
0
eff 1)(
ttD
tD 
  ,                                                                           (2.21) 
where β1 and β2 are constants that depend on microscopic details. Based on the short- 
and long- time limits expression, Deff(t), in the intermediate regime can be interpolated 
using the Pade approximation as follows, 
    

 /)/11()/11(
/)/11()11(1)(
0
eff
ttc
ttc
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where c is 09
4 D
V
S
  and θ has dimensions of time. In NMR narrow pulsed field 
gradient (PFG) measurement is suitable to measure effective diffusion coefficient and 
surface-to-volume ratio is obtained from this curve, as depicted in Fig. 2.5 [63].  
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2.2.3 Diffusion in porous media in the presence of internal 
gradients 
Narrow pulsed gradients are applied in PFG measurements. This is necessary for 
accurate measurement of the diffusion coefficient. In addition to PFG measurements, 
diffusion measurements in the presence of a constant gradient are also interesting in 
some cases. For example, in low field NMR, the external gradient is constant due to B0 
not being homogeneous for the diffusion measurements. In high field NMR (for porous 
media), the internal gradient is large during the measurement. This is the extreme case 
of PFG measurement, and the decay of the Hahn echo or of CPMG echoes in the 
presence of an uniform gradient is governed by the interplay of three lengths: the 
diffusion length, the dephasing length and the length of the pore structure [64].  
The diffusion length lD is defined by 
 
Figure 2.5.  The time dependent diffusion coefficient D(t) as a function of the normalized
diffusion length, measured by the 129Xe gas NMR method. The solid curve is a Pade fit [63]. 
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DlD  ,                                                                                 (2.23) 
where   is the diffusion time for the molecules. In a CPMG sequence, 2/Et . This is 
a measure of the average distance through which the molecules diffuse during the 
diffusion time. The second length is the dephasing length lG, which can be described by  
3/1


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G
DlG  ,                                                                             (2.24) 
where γ is the gyromagnetic ratio. The dephasing length is a measure of the distance 
through which the molecules must travel to experience a 2π phase shift. When the 
molecules diffuse a greater distance than the dephasing length, the signal is completely 
dephased, and no echo occurs. Finally, the length of the pore structure, lS, is a measure 
of the pore size. Next, three regimes are defined based on the three characteristic 
length scales that govern the diffusion of the restricted molecules. 
In the free diffusion regime, lD is the shortest length scale (lD << lS and lD << lG). 
In this regime, the echo attenuation is described by the following equation [65]: 
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where n is the number of echoes and n=1 for the Hahn echo. In this regime, only a 
small fraction of the molecules experience the walls of the pores, and the restriction of 
diffusion is not severe. The second regime is the motional averaging regime, where lS is 
the shortest length scale (lS << lG and lS << lD). The echo attenuation can be expressed 
by 
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In this regime, spins travel across the pores several times before dephasing occurs. The 
magnetic field inhomogeneities are averaged out by the diffusive motion, and as a 
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result, the echo amplitude decays at a much slower rate. For different geometries of 
pores, the equation has a similar form but different prefactors.  
The third regime is the localization regime, where lG is the shortest length scale 
(lG << lS and lG << lD). In this regime, the signal is mainly from those spins that are within 
a distance lG of the pore walls. This is the region where restricted diffusion has reduced 
the signal loss by dephasing of the magnetization components. The spins far from the 
pore walls, however, contribute no signal because their magnetization has been 
completely dephased by diffusive translation though the gradient field. In the free 
diffusion regime and the motional averaging regime, the spins’ phase distribution is 
Gaussian. However, in the localization regime, the Gaussian phase approximation fails. 
De Swiet et al. found that at long echo times, the echo amplitude can be expressed by 
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where –a1 = -1.0188 and c = 5.8841 for the Hahn echo, and c(n) for CPMG has been 
calculated elsewhere [65]. The prefactor c is modified for different geometries. The 
equation for the localization regime is deduced for a one dimensional restriction. 
However, for two- or three- dimensional cases, the simulation results show that the 
diffusion cannot be in the pure localization regime but is stuck in an intermediate regime 
between the free diffusion regime and the localization regime [66]. The signal 
]/),(ln[ 0MGM   depends on the third power of the diffusion time for the free diffusion 
regime, and the first power of the diffusion time for the localization regime or the 
motional averaging regime. In the three-dimensional case, we can expect a power 
dependence that is between 1 and 3. These regimes are shown in Fig. 2.6. The 
boundaries between the different regimes are not well defined [64]. 
The cases mentioned above address an uniform gradient. Two simple 
nonuniform gradient cases were already examined theoretically. The first is an 
unbounded parabolic field [67]: 
B = (B0 + g1z + g2z2)z ,                                                                         (2.28) 
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The echo attenuation of the motional averaging regime for the parabolic field is 
expressed as: 
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which has a lS6 dependence instead of lS4 for linear gradient. The dephase length is  
4/1
2
8 



g
DlG  .                                                                                            (2.30) 
This is the size of a packet of magnetization at long diffusion times. A critical length can 
be defined by: 
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which corresponds to a diffusion distance over the time interval given by the inverse of 
the spread in the Larmor frequency arising from the field inhomogeneity. Then, the 
relationship between dephasing length, critical length and pore size can be found: 
 
Figure 2.6.  Schematic diagram for the three diffusion regimes 
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lG ~ (lS l*)1/2 .                                                                                              (2.32) 
The critical length l* can be used to characterize small pores and large pores. For small 
pores, lS <l*. Then, we have lG> lS, and the diffusion is in the motional averaging regime 
or the free diffusion regime depending on whether short or long echo times are applied. 
For large pores, lS >l*, and lG< lS from Equ. 2.27. Then, the free diffusion regime or 
localization regime is applied. 
The second case is the bounded cosine field, B0cos(πxlS)z. This is similar to the 
internal magnetic field in porous media which is bounded by B0 B/20. The signal 
decay in the motional averaging regime for this magnetic field is expressed as [68]: 
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The signal decay rate varies with the square of the pore size (~lS2) for the cosine field. 
This is much lower than the linear (~lS4) and the parabolic (~lS6) fields. This is a useful 
indication for bounded vs. unbounded fields. In the localization regime, one can obtain 
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This has a dependence on pore size (~lS-1/2) unlike the linear and parabolic fields. The 
dephase length for the cosine field is 
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The critical length l* is  
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Then, we have  
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lG3 ~ ( /2 )1/3(lS l*2).                                                                            (2.37) 
After this, a similar relationship can be obtained for small pores (lS <l*), and we have 
lG3> lS3, lG> lS. For large pores, (lS >l*) lG< lS. 
In a real case, such as a porous medium, the diffusion in the presence of an 
internal gradient is more complex. When a porous medium is placed in a homogeneous 
magnetic field B0, the magnetic susceptibility difference Δ between the solid matrix and 
the fluid or gas leads to local magnetic field variations, ΔB = ΔB0. These variations 
have a linear relationship with B0. A simple example of a porous medium is randomly 
packed spherical glass beads. The magnetic dipole moment M  of the glass beads is  
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where R is the radius of the glass beads, g is the magnetic susceptibility of the glass 
beads,   is the magnetic susceptibility of the medium. μg = 1 + 4πg  and μ = 1 + 4π. 
Then, the local internal magnetic field at position R  can be calculated as 
        i i iii RR RRMRRRRMRB 5
2
0 3
4
)( 
 ,                                        (2.39) 
where iR  is the center of the glass bead. Then, the variation of the local magnetic field 
leads to an internal magnetic field gradient, which scales with the pore size. No exact 
equation can be found to describe the internal gradient.  An effective internal gradient 
Gint,eff can be introduced that describes the average field inhomogeneity over the length 
lG = (D /  Gint,eff)1/3 [69]. For the whole sample, the total magnetic field variation is 
bounded by ∆߯ܤ଴. This means that Gint,eff lG   B0. Then, the maximum possible 
internal gradient in the sample can be calculated using 
Gint,max  ( / D)1/2 ( B0)3/2, (2.40) 
and the corresponding structural length scale is given by 
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l* =  B0 / Gint,max = (D /(  B0))1/2, (2.41) 
which is also the shortest dephasing length. For small pores, lS <l*. In porous media, 
such as rocks, lG ≥l*. Therefore, lS <lG. In a high magnetic field (B0>2 T), in general, 
l*<0.5 m. In addition, for an really short echo time tE = 100 s, lD ≈ 0.5 m. Therefore, 
in most cases we have lS << lD and lS << lG. Then, the diffusion for small pores in a high 
magnetic field is in the motional averaging regime. In a low magnetic field, such as 3 
MHz, l* ≈ 5 m, and for a long echo time tE = 10 ms and lD ≈ 5m. Hence, in most 
cases, lD << lS and lD << lG. This is in the free diffusion regime, except for really small 
pores or really long echo times. The profile of the internal gradient is not important in 
small pores because the local internal gradient is averaged by the diffusion over the 
dephase length to obtain an effective internal gradient. For large pores (in porous 
media), lS >l*, similar to the cases of the parabolic and cosine fields. In addition, lS >lG 
may also apply. In a high magnetic field (B0>2 T), the diffusion is in the free diffusion 
regime or the localization regime depending on the diffusion time. In a real case, the 
diffusion is in the intermediate regime between the two regimes mentioned above. In a 
low magnetic field, such as 3 MHz, l* ≈ 5 m, and for a long echo time tE = 10 ms and lD 
≈ 5m. Hence, in most cases, lD < l*< lS and lD < l*< lG. This is in the free diffusion 
regime. The profile of the internal gradient can be detected in large pores, and the local 
internal gradient is important to obtain the effective internal gradient. 
 
2.3 Laplace NMR 
Since the fast and stable 2D inverse Laplace algorithm was developed by 
Venkataramanan [70], 2D Laplace NMR experiments have been widely performed to 
extract structural information from materials [71-77]. Diffusion-relaxation correlation (D-
T1 or D-T2) experiments were performed to characterize the oil-water mixture in rocks. 
Relaxation-relaxation correlation or exchange experiments were performed to monitor 
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the drying process of cement. The inverse Laplace transformation is expressed by the 
equation, 
       ii dtRttSitSLRf

 )exp()(2
1)}({)( 1 ,                                      (2.42) 
where S(t) is the time domain signal, R is the decay rate, f(R) is the amplitude 
distribution of the decay rate, and γ is a vertical contour that is positioned to the right of 
any singularities. However, the inverse Laplace transformation is an ill-posed problem, 
which means that there is no unique solution for a certain signal S(t). In practice, the 
inverse Laplace transformation is performed by a non-negative least square 
minimization with a proper smoothing procedure. 
 
2.3.1 1D inverse Laplace transformation 
The inverse Laplace transformation procedure is described for the case of a relaxation 
process. The NMR relaxation signal S(t) can be expressed as 
      )/1()/exp()/1()( TdTtTAtS ,                                                    (2.43) 
where A(1/T) is the distribution of the relaxation time, t is the measurement time, and ε 
is the noise in the signal. In real experiments, the data were sampled in a discrete 
manner. The discrete form of Equ. 2.20 is 
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To obtain the relaxation time distribution A(1/Tj) with the constraint of A(1/Tj)≥0 
(negative amplitude for A(1/Tj) is meaningless), a non-negative least square algorithm 
was applied. The principle of this method is to minimize the following term 
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The solution from the above equation is not unique for a given dataset. Therefore, a 
Tikhonov regularization term or smoothing term is needed as well. There are various 
smoothing methods, such as norm smoothing, slope smoothing and curvature 
smoothing. Here, the curvature smoothing method was used, and minimization was 
performed using the following expression [76] 
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where α is the smoothing parameter. With a chosen discrete relaxation time Tj, A(1/Tj) 
can be obtained. To obtain the right A(1/Tj) distribution a proper α value needs to be 
chosen. If α is too large the fit just fits the noise. If α is too small, the fit results will be too 
smooth and cause a bias. Only if α is chosen such that the two terms in Equ. 2.46 are  
 
 
 
 
 
 
 
 
 
Figure 2.7.  The residual term 2  as a function of α. The arrow shows the right α value. 
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comparable, a right A(1/Tj) distribution can be obtained, and the results are stable in 
presence of noise. In practice α is chosen in such a way that with a series of α value the 
residual 
2
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j
ji TtTAtS  is calculated. Then, the right α is at the 
heel of )(2   curve as depicted in Fig. 2.7 [75]. 
2.3.2 2D inverse Laplace transformation 
For two-dimensional Laplace NMR experiments, such as diffusion-relaxation 
experiments, the correlation signal can be expressed in a discrete form [77] 
   )/1()/exp())3/1(exp()/1,()),3/1(( 22 qpqjpiqpji TddDTtDqTDAtqS ,(2.47) 
where A(D,1/T) is the distribution of diffusion and relaxation, and q =  G δ. The matrix 
form of this equation is 
    21AKKS ,                                                                                (2.48) 
where A is the diffusion-relaxation distribution, ))3/1(exp( 2,1  pipi DqK   and
)/exp(,2 qjqj TtK  . This 2D problem can be solved by transforming the above 
equation: S and A are reformulated to a 1D vector, and a new kernel is created by
21 KKK  . Then, the 2D problem is reduced to a 1D problem and a 1D Laplace 
inversion can be applied. However, the size of the K matrix is enormous, and it requires 
a large amount of computer memory and is impractical for a desktop computer. This 
problem was solved by Venkataramanan et al., who proposed a nice method to 
accelerate the inversion process. The procedure is described below. First a Singular 
Value Decomposition (SVD) is applied to the K1 and K2 matrices  
              K1 =U1 Σ1 V1 ,                                                                                (2.49) 
K2 =U2 Σ2 V2 ,                                                                                (2.50) 
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where Σ1 and Σ2 are diagonal matrices, and U1 V1 U2 V2, are unitary matrices. Due to 
the singular values in Σ1 and Σ2, they decay very quickly. Then, only 8-10 of the largest 
singular values are selected, and the dimensions of the K1 and K2 matrices are 
significantly reduced. Now, the 2D form of the equation can be reduced to a 1D form, 
and the 2D inverse Laplace transformation is performed in a fast manner. 
2.3.3 Different kinds of 2D inverse Laplace NMR and their 
applications 
The T2-T2 relaxation exchange pulse sequence includes three parts (Fig. 2.8a): First, a 
CPMG sequence is applied with m 180o pulses during a time period t1. At the end of this 
part, a 90o pulse is applied to store the magnetization along the z axis. The 
magnetization needs to be stored along both positive and negative directions on the z 
axis to cancel the T1 recovery effect by proper phase cycling, which occurs during the 
exchange. After the exchange time t2, a second CPMG pulse train is applied with an n 
number of 180o pulses, and the amplitudes of the echoes are recorded during the time 
interval t3. Then, the experiment is repeated p times with different values of m, and a 
two-dimensional NMR dataset is acquired. The echo attenuation can be expressed as 
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where f(1/T21st, 1/T22nd) is the T2-T2 relaxation distribution function. This experiment was 
used to detect the chemical exchange between water and urea protons in solution. The 
exchange rate between the two chemical sites was extracted from the intensity variation 
of the cross peaks [78]. Callaghan et al. observed the water transport between pores in 
Castlegate sandstone [79]. T2 exchange data from two sites were analyzed in detail, 
and a cross peak was observed in the 2D relaxation spectrum. The exchange rate 
between the two smallest porosity reservoirs was estimated to be on the order of 5 ms-1 
[80]. A theoretical analysis was performed to obtain a better understanding, and it was 
found that the cross peaks can be asymmetric when the number of exchange sites is 
greater than 2 [81].  
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Another type of 2D Laplace NMR experiment measures the T1-T2 correlation. As 
shown in Fig. 2.8b, a first 180o pulse is applied, followed by a recovery time td. T1 
information is encoded during this time interval. Then, a CPMG pulse train is applied to 
encode T2 information. By repeating this experiment with different td values, a 2D T1-T2 
correlation experiment is performed. The resulting signal is described as 
)/exp()/exp()/1,/1()/1()/1(/),( 21d21210d TtTtTTfTdTdMttM   ,               (2.52) 
where f(1/T1,1/T2) is the T1-T2 relaxation distribution function. Song et al. measured the 
T1-T2 correlation spectrum for rocks. The results show that there are two peaks in the 
correlation map that indicates two distinct pore environments [82]. McDonald et al. first 
performed T1-T2 correlations experiments to study the drying process of cement [83]. 
The water and fat of milk, cream and cheese have also been examined using this 
method. The peak related to the water decrease from milk to cheese and the contents 
of water and fat can be obtained by integrating the peaks in the T1-T2 correlation map. 
This method could be useful for food quality control [84]. 
Diffusion-relaxation correlation experiments are widely used during Well-logging 
to identify the oil and water contents in sedimentary rocks. D-T2 experiments can be 
implemented by using a spin echo or a stimulated echo with a pulsed field gradient 
followed by a CPMG pulse train (Fig. 2.8c). The strength of the gradients is increased in 
a series of experiments to encode the diffusion information. The relaxation information 
is encoded by the CPMG pulse train. The signal of echoes decays as 
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where f(D,1/T2) is the diffusion relaxation distribution function, t = ntE2, δ is the duration 
of the pulsed field gradient, and Δ is the diffusion time.  
The pulse sequence with a stimulated echo is particularly suitable for the sample 
with a long T1 but short T2, such as porous media, by setting a long Δ and short δ. The 
D-T2 experiments can also be conducted in a constant field gradient, for example, in an 
NMR well-logging tool or an NMR MOUSE. In this case, the echo time of the spin echo 
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or the stimulated echo needs to be varied to encode the diffusion information. The pulse 
sequence is shown in Fig. 2.6d, and the amplitudes of the echoes are expressed as 
[77], 
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For this constant gradient experiment, the spin echo and the stimulated echo encode 
the diffusion information and also include relaxation information. The pulses may not 
excite the entire sample, and off-resonance effects appear due to the presence of the 
static gradient. The signals from oil and water overlap in the T2 dimension but not in the 
diffusion dimension. Therefore, the signals from oil and water can be readily separated 
by using D-T2 correlation maps [85]. The water and fat in cream and cheese can also be 
identified by this method based on to the diffusion differences between these two 
components [84]. 
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Figure 2.8. Pulse sequence for 2D Laplace NMR. a) T2-T2 exchange pulse
sequence: The number m of echoes in the first part is varied for different
acquisitions. b) T1-T2 correlation pulse sequence: the recovery time td is incremented
for a series of experiments to encode T1 information. c) D- T2 correlation pulse
sequence with a pulsed field gradient: The strength g or duration δ is changed to
encode diffusion effects. d) D- T2 correlation pulse sequence with a constant field
gradient: The echo time tE1 is varied to obtain attenuation from diffusion. 
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Chapter 3  
Spatially Resolved D-T2 correlation NMR 
of Porous Media 
3.1. Introduction 
Porous media, such as rock, mortar and membranes, typically show distributions of 
pores with different shapes and connectivities. In the field of porous media and in 
particular in petro-physics, 2D Laplace NMR provides unprecedented insight into pore 
geometry, connectivity and multiphase fluid distribution by diffusion and relaxation of 
fluids and gases on the micrometer scale [86-91]. Because many porous objects like 
rock and concrete are heterogeneous on the macroscopic scale, an integral analysis of 
the microscopic-scale properties yields volume-averaged information. Magnetic 
resonance imaging (MRI) techniques resolve this spatial average on the contrast scale 
defined by the particular MRI method. The relaxation times T1 and T2 as well as the 
diffusion coefficient are desirable NMR parameters in porous media studies that help to 
understand the pore-size distribution, the pore connectivity and consequently the 
permeability as well as the fluid distribution of the investigated object. These 
microscopic parameters are accessed by 1D and 2D Laplace NMR techniques [92-95]. 
Within the past decade, 2D-Laplace NMR has been employed, for example, to 
investigate water flow through pores of different sizes in Castlegate sandstone [80]. 
Moreover, using this technique, diffusion-relaxation correlations have been developed to 
characterize sedimentary rock saturated with oil-water mixtures [85], and diffusion-
diffusion correlations have been measured to examine local anisotropy under conditions 
of global isotropy [96]. 
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However, 2D-Laplace NMR gives information only about integral characteristics of 
a given sample with regard to pore-size and pore connectivity. It does not give 
information about variations of these parameters across the object under study. It is 
therefore desirable to combine MRI with 2D-Laplace NMR to generate information about 
fluid transport within defined areas of a sample. The aim in this chapter is to explore 
spatially resolved D-T2 correlation NMR as a representative of 2D-Laplace NMR to 
exploit the information contained in pixels of similar contrast. This idea has first been 
mentioned in 2008 by Petrov and Balcom with reference to one space dimension [97]. 
In this study this concept is investigated in more detail with spatial resolution in two 
dimensions. The use and limitations of this method are shown in this chapter. 
Three types of samples are examined, a ceramic sample, packs of glass beads, 
and mortar, following the general strategy of first measuring a high-resolution image to 
identify regions of similar contrast. Then D-T2 resolved MRI data are acquired with low 
resolution and compromising signal-to-noise ratio (SNR) for the benefit of shorter 
experimental time. To improve the SNR in the pixel-resolved D-T2 maps, the maps from 
low-resolution pixels in regions of similar contrast identified in high-solution images are 
added. 
 
3.2. Materials and Experimental Protocol 
The ceramic sample is a mixture of α-Al2O3 and γ-Al2O3 consisting of a meso-porous 
skeleton with highly aligned, slit-shaped macro-pores and measuring 6.4 mm in height 
with a diameter of 6.2 mm. It was prepared by ice templating and sintering [98]. Three 
types of glass bead samples were prepared in cylindrical 10 mm diameter glass tubes: 
two were divided into two half cylindrical compartments by a membrane and the other is 
without membrane. In the first case one compartment was packed with 100 m 
diameter glass beads and the other with 700 m diameter glass beads, and both 
compartments were filled with water. In the second case, both compartments contained 
700 m diameter glass beads, and one compartment was filled with linseed oil and the 
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other water. In the third case the sample is similar to the second case just without 
membrane. The mortar sample was prepared from sand, lime putty and water 
homogeneously mixed in the volume ratio of 3:2:3 and cast into a 6 mm diameter glass 
tube, where it was dried in air for several days. Prior to analysis all samples were 
saturated with water for two to three days.  
For reasons of sensitivity all NMR measurements were not conducted at low field, 
but on a high-field 300 MHz horizontal-bore imaging magnet controlled by a Bruker 
Avance 300 spectrometer. The 90o pulse length was 11 µs. The relaxation and imaging 
experiments employed Carr-Purcell-Meiboom-Gill (CPMG) sequences with 128 echoes, 
whereby the echo time was 1 ms and the imaging gradient strength was 0.3 T/m. This 
protocol allowed good exploration of a T2 range up to ca. 1 ms. For the diffusion 
experiment with pulsed field gradients (PFG, Fig. 3.1a) a stimulated echo with a 
gradient pulse duration δ = 1 ms and a diffusion time Δ = 20 ms was applied when 
studying water, while δ = 1.5 ms and Δ = 60 ms were employed to measure the low 
diffusion coefficient for oil in the glass bead sample filled with oil and water. The 
gradient strength was varied linearly from 0 to 1 T/m over 30 steps to encode the 
diffusion information. The D-T2 experiments lasted up to 4 h for 8 scans. All 
measurements were repeated with a repetition time of 4 s in order to fully recover the 
longitudinal magnetization and dissipate the heat generated by the current pulses in the 
rf coil and the gradient coils to avoid heating the samples and evaporating the water. 
The data were processed by 2D inverse Laplace transformation with the Schlumberger 
algorithm [82].  
 
3.3. Methods 
3.3.1 D-T2 sequence with pulsed-field gradients 
D-T2 correlation maps were measured with a standard pulse sequence in 
inhomogeneous fields (Fig. 3.1a) by diffusion encoding with a modified stimulated echo 
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employing anti-phase pulsed field gradient pairs to cancel the effect of internal gradients 
[99] and with CPMG (Carr-Purcell-Meiboom-Gill [100,101]) detection [77] using the 
phase cycle listed in Tab. 3.1 [102, 103]. Chapter 4.2 confirms that the internal 
gradients are significant and of the order of 1 T/m at 7 T field strength. This method of 
measuring D-T2 correlation maps f(D,1/T2) is referred to in the following as the 
stimulated-echo method, in short, the SE method. If tE1 << T2 and Δ << T1, the 
attenuation of the stimulated echo by diffusion is given by the exponential exp{-q2 D (Δ - 
δ/3)}, where D is the diffusion coefficient, Δ the diffusion time, δ the total duration of 
gradient pulses of one anti-phase pulsed gradient pair, and q =  G δ, with  the gyro-
magnetic ratio and G the amplitude of the gradient pulse. Furthermore, at short echo 
time tE2, signal attenuation by diffusion can be neglected during detection of the CPMG 
echo train, which then is attenuated only by T2 according to exp{-n tE2 /T2}, where t = n 
tE2 is the detection time axis of the CPMG echo train. Subsequently the echo amplitudes 
can be described by 
s q2 ( 1/ 3), t  / s 0, 0   dD d(1/T2) f (D,1/T2)exp q2D( 1/ 3) exp t /T2 ,      (3.1) 
where f(D,1/T2) is the diffusion-relaxation distribution function. The 2D inverse Laplace 
transform of this expression provides the diffusion-relaxation correlation map f(D,1/T2). It 
is the convention in NMR to plot D and T2 on logarithmic scales, where the logarithms of 
relaxation rate and relaxation time only differ in their sign.  
In fluid-filled media with small pores, the limits of validity, within which relaxation 
can be neglected in the diffusion-encoding period and diffusion can be neglected in the 
relaxation-encoding/detection period, may be hard to fulfill. Furthermore, the SNR is 
decreased when detecting a stimulated echo with only half the amplitude of a Hahn 
echo. Therefore, as an alternative way to encode diffusion and relaxation, the use of 
CPMG echo trains in the presence of an effectively constant gradient was explored with 
varying echo time tE (Fig. 3.1 c) [104]. The CPMG echo envelope can be written as  
s q2 t / 3, t  / s 0, 0   dD d(1 / T2 )f (D,1 / T2 )exp q2 Dt / 3 exp t / T2 .            (3.2) 
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In 
Because for time-invariant gradients q =  G tE/2, the D-T2 correlation map f(D,1/T2) can 
be retrieved by inverse Laplace transformation of Eqn. (2) when storing the CPMG echo 
trains in a two-dimensional matrix with axes proportional to (tE/2)2 t and t. This method 
of measuring D-T2 correlation maps f(D,1/T2) is referred to in the following as the CPMG 
method. It is also limited in its use because diffusion and relaxation are detected 
simultaneously. For a given maximum gradient strength, short echo times are needed to 
acquire magnetization components with short T2 relaxation times. Conversely, long 
echo times are needed for encoding slow diffusion. This means that one cannot detect 
the magnetization components with both short T2 and small diffusion coefficient in such 
a D-T2 correlation map acquired in constant gradients. Furthermore, internal gradients 
cannot be distinguished from applied gradients.  
 
Figure 3.1. Pulse sequences for D-T2 correlation NMR and back-projection MRI.
From scan to scan the imaging gradients are rotated in the xy plane. a) SE sequence
for D-T2 correlation NMR. Diffusion is encoded with pulsed field gradients in a
modified stimulated echo with echo time tE1, which is detected with a CPMG
sequence with echo time tE2. b) Imaging gradients for back-projection imaging with
D-T2 resolution according to the PFG scheme. c) CPMG sequence for D-T2
correlation NMR. Diffusion is encoded in variable echo times. The gradient field is
turned off only for the rf pulses to limit off-resonance effects. Otherwise the gradient
field is constant in time. 
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3.3.2 D-T2 correlation-resolved MRI 
Either way of measuring D-T2 maps can readily be combined with spatial resolution by 
employing effectively constant imaging gradients (Fig. 3.1b) and rotating these or the 
object from acquisition to acquisition to subsequently reconstruct images by back-
projection in combination with 2D Laplace inversion to retrieve D-T2 correlation maps 
from each pixel. These schemes were applied in this study without slice selection so 
that 2D projections were obtained. Instead of keeping the gradients turned on during the 
rf pulses, they were switched on only during each echo. The reasons are twofold: First, 
the gradients cannot be kept on for a time long enough to encode T2 information due to 
the gradient protection mechanism of the spectrometer, because too long gradient 
durations can damage the gradient coils. Second, the excitation bandwidth of the rf 
pulses is limited, so that when gradients are kept on during the rf pulses the spins are 
excited in a slice only and not in the entire sample volume. Low-resolution back-
projection images were constructed from projections obtained by Fourier transformation 
of echoes acquired at 16 orientations of constant amplitude gradients equally spaced 
Table 3.1. Phase cycle for SE pulse sequence with CPMG detection (Fig. 
1a). Pulses are numbered from left to right 
No. P1(90ºSE) P2(180ºSE) P3(90ºSE) P4(180ºSE) P5(90ºSE) P6(180ºCPMG)  Rec. 
1 +x +y +x +x +y +y +x 
2 +x +y −x +x +y +y −x 
3 +x +y +x −x +y +y −x 
4 +x +y −x −x +y +y +x 
5 +x +y +y +y +y +y +x 
6 +x +y −y +y +y +y −x 
7 +x +y +y −y +y +y −x 
8 +x +y −y −y +y +y +x 
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over a whole circle. The inverse Radon transform of this set of projections was 
computed with Matlab® code from MathWorks, Natick, MA, using a Hamming filter. 
Back-projection imaging proved to be advantageous on account of the short 
transverse relaxation times of both samples. Single-point ramped imaging with T1 
enhancement (SPRITE) is a good alternative to image samples with short T2 
components [105], but is more demanding on the gradient hardware. In order to keep 
the measurement time short, D-T2 resolved low-resolution images were measured in 
this work.  
The concept of pixel summation is illustrated in Fig. 3.2 by example of a water-
filled porous aluminum oxide sample and 1D T2 distributions. T2 resolved back-
projection images were acquired with the CPMG sequence of Fig. 3.1b with an echo 
time of 1 ms at low resolution and constant gradient amplitude of 0.3 T/m (Fig. 3.2b). To 
improve the signal-to-noise ratio, distributions of T2 (Fig. 3.2c) were calculated for signal 
sums over particular pixels from the low-resolution image (Fig. 3.2b), which were 
identified by similar contrast in the high-resolution image (Fig. 3.2a). Even small 
differences in the 1D relaxation-time distributions can be identified in this way, and 
different pore-size distributions can be assigned to the different contrast regions in the 
high-resolution image, which was acquired with conventional spin echo imaging at a 
field-of-view of 8.1 mm  8.1 mm. Although the image 3.2b does not show any interesting 
features, the T2 distributions calculated from the sums of pixels identified in the standard 
high-resolution image 3.2a nevertheless do. 
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3.4. Results and Discussion 
3.4.1 Glass-bead sample filled with oil and water with a 
membrane 
The D-T2 MRI pulse sequence (Fig. 3.1) was tested with the two-compartment glass-
bead sample where one compartment contained oil and the other water (Fig. 3.3a). The 
high-resolution spin-echo image (Fig. 3.3b) maps the pore space and the membrane 
dividing the two compartments by providing T2 weighted contrast yet shows little 
difference between the oil and water filled compartments. The low-resolution back-
 
Figure 3.2. Illustration of the pixel-summation procedure by example of the water-
saturated porous Al2O3 sample. a) High-resolution spin-echo image acquired with a
field-of-view of 8.1 mm  8.1 mm and a resolution of 63 m  63 m. Different
contrast regions are identified and labeled 1 to 4. b) Low-resolution image of the
same sample with resolution of the T2 distribution in each pixel. c) Pixel sums of the
T2 distributions from the low-resolution image of each region identified in the high-
resolution image.  
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projection image acquired with D-T2 resolution (Fig. 3.3c) does neither resolve the pore 
structure nor the dividing membrane but identifies a bright region A and a darker region 
B which are assigned to oil and water, respectively, due to a D-T2 filtering artifact from 
finite-duration echo times. For oil and water, the T2 distributions overlap (Fig. 3.3d) but 
not the D distributions because oil has a diffusion coefficient lower than water (Fig. 
3.3e). Figure 3.3f shows the D-T2 correlation map of the sample measured with the 
stimulated-echo pulse sequence in Fig. 3.1a without spatial resolution. The projections 
along the relaxation dimension and diffusion dimension agree well with the 1D T2 
distribution and D distribution measured separately (Fig. 3.3d). The D-T2 distribution 
(Fig. 3.3g) obtained from the D-T2 resolved, low-resolution image by summing over all 
pixels image agrees well with the integral D-T2 distribution (Fig. 3.3f) measured as a 
projection without spatial resolution. The D-T2 distributions extracted from the low-
resolution image for region A and region B (Fig. 3.3g and Fig. 3.3h) shows that most 
fluid in region A is oil and in region B is water. Residual oil signal detected in the water 
compartment and vice versa results from blurring in the low-resolution image. These 
measurements underline the validity of the methodical approach to extract 2D Laplace 
maps from different regions with ill specified contrast in magnetic resonance images. 
 
3.4.2 Glass-bead sample 
Both D-T2 MRI pulse sequences (Fig. 3.1) were compared on the water-filled sample 
with two different-size glass beads (Fig. 3.4a). In the fast diffusion limit, the transverse 
relaxation rate 1/T2 of a pore saturated with water and observed with a CPMG 
sequence is related to the pore size via the surface-to-volume ratio S/V according to 
[106] 
1
T2
 1
T2b
2 SV 
1
3
Gint tE / 2 2 D , (3.3) 
where T2b is the transverse relaxation time for bulk water, ρ2 is the surface relaxivity, Gint 
is the internal gradient due to the susceptibility difference between fluid and matrix, and 
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tE is the echo time. The smaller beads in compartment B give rise to a larger surface-to-
volume ratio of the interstitial pore space and a larger internal gradient which both lead 
to shorter T2 relaxation time. Conversely, the larger beads in compartment A with 
smaller associated surface-to-volume ratio and smaller internal gradient lead to larger 
T2. In the high-resolution spin-echo image (Fig. 3.4b) as well as in the low-resolution D-
T2 resolved back-projection image (Fig. 3.4c), region A with the large beads lights up 
because the signal from the water in the pack with small beads is attenuated by more 
rapid T2 relaxation as well as by diffusion in stronger internal gradients. 
The individual T2 distributions for either bead-pack overlap only partially (Fig. 3.4d) 
while the D distributions overlap completely (Fig. 3.4e). The signature of the bead-packs 
can therefore be disentangled in spatially resolved D-T2 maps. The integral D-T2 map of 
the whole sample (Fig. 3.4f) measured with the pulse sequence in Fig. 3.1a and the D-
T2 map (Fig. 3.4g) obtained by summation of pixels from the low-resolution image agree 
reasonably well and so do the projections along the relaxation dimension and the 1D T2 
distribution measured separately (Fig. 3.4d). But it is also noted, that the signal at short 
D and short T2 in the 2D D-T2 correlation map is lost. This is because the long echo time 
tE1 during the diffusion attenuation period and the stronger internal gradient for smaller 
pores lead to significant signal loss. The D-T2 distributions extracted from the low-
resolution image for region A and for region B clearly show that the peaks with large 
relaxation time and diffusion coefficient are from the pack with the large beads (Fig. 
3.4h) and the other peaks from the pack with the small glass beads (Fig. 3.4i).  
For comparison with Fig. 3.4f, the D-T2 correlation map was measured without 
spatial resolution with the CPMG method depicted in Fig. 3.1c (Fig. 3.4k). The delay 
time between gradient and rf pulse in this measurement is quite long, around 3 ms, in 
order to reduce the eddy currents to an acceptable level. This leads to a long echo time 
and explains why in the projection along the relaxation dimension (green) short T2 
components are lost by relaxation. Moreover, long T2 components are shifted towards 
shorter relaxation time, and the projection along the diffusion dimension (green) 
indicates an apparent diffusion more rapid than in the 1D diffusion measurement (blue).  
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Figure 3.3. Results from the glass-bead sample filled with oil and water. a) Photo of
the glass-bead phantom with two compartments separated by a plastic membrane
and containing water and oil, respectively. b) High-resolution spin-echo image
acquired with an echo time of tE = 3.69 ms with a resolution of x = y = 50 m. c)
Low-resolution back-projection image acquired with D-T2 resolution on 162 pixels. d)
Integral T2 distribution. e) Integral D distribution. f) D-T2 map measured with the SE
method without spatial resolution. On top and on the right, the projections along the
diffusion and relaxation dimensions are shown (green) in comparison with 1D T2 and
D distributions measured individually (blue). g) D-T2 map from the sum over all
pixels. h) D-T2 map from the pixel sum over region A. i) D-T2 map from the pixel sum
over region B.  
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Both effects are explained by the fact that the measurements were done at low gradient 
strength of 0.3 T/m and long echo time to avoid eddy currents effects from gradient 
switching. As a result, the strength of the applied gradient is comparable to that of the 
internal gradients, and higher apparent diffusion coefficients are observed as well as 
diffusive attenuation in the T2 dimension. Due to these deficiencies, measurements with 
the CPMG sequence are not feasible in high-field studies, although they promise to be 
useful with sensors that have constant gradients and low field, for example, logging 
tools and the NMR-MOUSE. 
 
3.4.3 Mortar sample 
The experimental procedures tested on the glass-bead sample (Sections 3.4.1 and 
3.4.2) were subsequently applied to a mortar sample (Fig. 3.5a). However, while for the 
glass-bead phantom samples, the structure was known, the significance of the contrast 
in the high-resolution image (Fig. 3.5b) of the mortar sample is at first unknown. The 
different mortar structures giving rise to bright and dark regions in the image of Fig. 3.5b 
are studied by 2D D-T2 resolved MRI in the other plates of Fig. 3.5. 
For mortar, the T2 relaxation peaks are generally related to water in three kinds of 
environments: The shortest T2 is from water bound in the cement gel structures (CSH), 
the intermediate T2 is from water in capillary pores, and the longest T2 is from water in 
micro-cracks [107, 108]. Sometimes water in capillary pores gives rise to two peaks 
[109]. In the observed T2 distribution (Fig. 3.5d), the peak with largest T2 is assigned to 
essentially free water residing in micro-cracks. The two other peaks are assigned to 
water in the capillary pores. The T2 components from CSH with a T2 relaxation time 
around 100 µs was not detected due to the long echo time of 1ms in our measurements. 
In the D-T2 maps (Fig. 3.5f,g) only one peak is observed from water in capillary pores 
with higher T2 and higher D along with the peak from free water, while the other peak 
from the water in capillary pores with shorter T2 and lower D has already relaxed with 
the minimum echo time tE1 = 10 ms that could be used for detection. 
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Figure 3.4. Results from the glass-bead sample. a) Photo of the glass-bead phantom
with two compartments separated by a plastic membrane and containing 100 µm
diameter and 700 µm diameter glass beads. b) High-resolution spin-echo image
acquired with an echo time of tE = 3.69 ms with a resolution of x = y = 50 m. c)
Low-resolution back-projection image acquired with D-T2 resolution on 162 pixels. d)
T2 distributions of either compartment (green and red) and both compartments
together (blue). e) D distribution. f) D-T2 map measured with the SE method without
spatial resolution. On top and on the right, the projections along the diffusion and
relaxation dimensions are shown (green) in comparison with 1D T2 and D
distributions measured individually (blue). g) D-T2 map from the sum over all pixels.
h) D-T2 map from the pixel sum over region A. i) D-T2 map from the pixel sum over
region B. k) D-T2 map acquired with the CPMG method in the presence of an
effectively constant gradient with varying echo time. 
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Subsequently spatially resolved D-T2 correlation maps were generated. The D-T2 
distribution (Fig. 3.5g) obtained when summing over all pixels of the sample agrees 
reasonably well with the distribution (Fig. 3.5f) measured as a projection without spatial 
resolution. The D-T2 correlation map for the dark regions in the high-resolution image 
(Fig. 3.5h) shows highest signal from small pores with short T2 relaxation time and low 
diffusion coefficient. The D-T2 correlation map for the light region (Fig. 3.5i) shows 
predominantly signal from large pores with long T2 relaxation time and high diffusion. 
 
3.4.4 Glass-bead sample filled with oil and water without a 
membrane 
In order to explore the application of this method to rocks in petroleum industry, glass-
bead sample filled with oil and water without membrane was measured to simulate the 
sedimentary case. High-resolution image of the sample was obtained and different 
regions of the sample were defined according to the contrast difference. The magnitude 
difference of signal between two regions is not large this is due to the similarity of T2 
relaxation for oil and water. The high-resolution image (Fig. 3.6b) is used to define 
different regions of the sample according to the difference of the contrast in the images. 
The boundaries between the two regions are not so clear. This is because that oil and 
water are not completely separated but mixed around regions near the boundaries. 
Then this result can be used to characterize the regions in low resolution image (Fig. 
3.6c). The D-T2 distribution (Fig. 3.6g) obtained from the D-T2 resolved, low-resolution 
image such as Fig. 3.6c by summing over all pixels image agrees well with the integral 
D-T2 distribution (Fig. 3.6f) measured as a projection without spatial resolution. Fig.3.6h 
and Fig. 3.6i clearly show that this method can identify different fluids in this sample: in 
one region most fluid is oil and the other is water. 
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Figure 3.5. Results from the mortar sample. a) Photo of the mortar sample. b) High-
resolution spin-echo image acquired with an echo time of tE = 3.69 ms with a
resolution of x = y = 53 m. c) Low-resolution back-projection image acquired with
D-T2 resolution on 162 pixels. d) T2 distribution. e) D distribution. f) D-T2 map without
spatial resolution. On top and on the right, the projections along the diffusion and
relaxation dimensions are shown (green), in comparison with 1D T2 and D
distributions measured individually (blue). g) D-T2 map from the sum over all pixels.
h) D-T2 map from the pixel sum over the dark part. i) D-T2 map from the pixel sum
over the bright part. 
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3.5. Conclusion 
Spatially resolved D-T2 correlation maps were measured for four different samples: 
three glass-bead samples filled with oil or water and a mortar sample saturated with 
water. Different regions of the samples were identified by the D-T2 correlation maps to 
obtain the local information such as pore size. Different fluids were distinguished in 
different parts of the samples. Three different methods were used to shorten the 
measurement time: (1) T2 and imaging information were encoded at the same time to 
save measurement time. (2) Low resolution images were obtained during the back-
projection period. (3) Voxels with similar contrast in the low resolution images were 
added to increase the signal-to-noise ratio. 
Two methods of generating spatially resolved D-T2 maps by back-projection 
imaging were investigated. With the stimulated echo sequence, CPMG echo trains are 
acquired with different diffusion weights. With the CPMG method, echo trains are 
acquired with different echo times so that diffusion and relaxation encoding are 
intertwined. Due to the use of pulsed gradients, both methods are limited in detecting 
rapidly relaxing components. Moreover, the implementation of the CPMG method on the 
available Avance 300 spectrometer was hampered by eddy currents from gradient field 
pulses with varying duration, an effect, which did not impact the measurements with the 
SE method. It is reasonable to expect, that these limitations will be less severe when 
time-invariant gradients are employed.  
In these studies on porous material models from glass beads, mortar and ceramic 
we found a way of imaging fluid-filled macroscopic objects with functional microscopic 
contrast that can be applied to cylindrical samples without the conventional need of 
pulsing magnetic gradient fields but by rotating the sample instead. This means that we 
expect that images with diffusion-relaxation correlation contrast can be measured in the 
future with compact instruments that do not require bulky and heavy gradient amplifiers 
but only a motor to rotate the cylindrical sample inside the magnet, a simple way well 
suited for rugged service on a drilling platform or in a geophysical testing laboratory.  
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Figure 3.6. Results from the glass-bead sample filled with oil and water without
membrane. a) Photo of the glass-bead phantom with two compartments separated
by a plastic membrane and containing water and oil, respectively. b) High-resolution
spin-echo image acquired with an echo time of tE = 3.69 ms with a resolution of x =
y = 50 m. c) Low-resolution back-projection image acquired with D-T2 resolution
on 162 pixels. d) Integral T2 distribution. e) Integral D distribution. f) D-T2 map
measured with the SE method without spatial resolution. On top and on the right, the
projections along the diffusion and relaxation dimensions are shown (green) in
comparison with 1D T2 and D distributions measured individually (blue). g) D-T2 map
from the sum over all pixels. h) D-T2 map from the pixel sum over region A. i) D-T2
map from the pixel sum over region B.  
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The methods of spatially resolved 2D Laplace NMR studied in this investigation, 
generate information about correlations of diffusion coefficients and transverse 
relaxation time distributions with spatial resolution. Unlike the 2D Laplace NMR method 
alone which gives highly resolved data averaged across a macroscopically 
heterogeneous sample, Laplace-resolved MRI enables regions of similar contrast to be 
characterized by their D-T2 distributions. We anticipate this method to be most 
appreciated in studies of multi-phase fluids in porous media, for example, oil and water 
in rock. 
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Chapter 4  
Gint2D - T2 Correlation NMR of Porous 
Media 
4.1. Introduction 
An internal gradient Gint is the linear approximation describing a distortion of magnetic 
field B0, which arises from the magnetic susceptibility difference  between different 
phases in an object. In NMR studies of porous media, an internal gradient typically 
refers to the magnetic field inside fluid filled pores. It is approximately described by  
Gint =  B0 / r, (4.1) 
where r is the radius of the pore. As the strength of the internal gradient is proportional 
to the strength of the applied magnetic field, effects of internal gradients are pronounced 
at high field (B0 > 2 T) and can often be neglected at low field. On the one hand, internal 
gradients affect MRI contrast as well as relaxation and diffusion measurements, so that 
a variety of methods, most notably the bipolar gradient pulse method have been 
developed to reduce the effects of internal gradients [110 - 114]. On the other hand, the 
strength of the internal gradient relates to the pore geometry, so that distributions of 
internal gradients can be used to characterize the heterogeneity of the pore space.  
The Decay due to Diffusion in the Internal Field (DDIF) method uses a stimulated 
echo to measure the time-dependent evolution of magnetization in the internal magnetic 
field [115]. The decay constants are obtained by inverse Laplace transformation 
providing estimates of structure parameters, like pore size and surface-to-volume ratio. 
This concept has been extended to retrieve spatially resolved information about the 
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distributions of internal gradient strength and direction in glass column samples by 2D 
spin-warp imaging [116 - 118]. Audoly et al. showed that the internal magnetic field 
correlation function is similar to the structure auto-correlation function, which relates to 
the sample geometry. This internal field correlation function can be measured in 
experiments with a pair of symmetric (without internal magnetic field effect) and 
asymmetric (with internal magnetic field effect) stimulated echo Pulsed Field Gradients 
(PFG). Results from simulation and experiment on glass beads were compared [119, 
120]. Moreover, the pore structure has been characterized by correlating the internal 
magnetic field gradient Gint and other NMR parameters such as the transverse 
relaxation time T2 and the longitudinal relaxation time T1 [121-125]. Due to the spatial 
dependence of the internal gradient on the pore structure, spatially resolved Gint2 D – T2 
correlations were measured in this study to explore the heterogeneity of porous media.  
Three kinds of samples were measured. First, a case is studied, where the spread 
of internal magnetic field gradients dominates. Here the sample consists of water 
saturated, different-diameter glass beads. Then a case is investigated, where 
differences in diffusion dominate. Here the sample consists of glass beads filled with oil 
and water. Finally a water saturated mortar sample is studied to explore the application 
of this method in a more demanding and realistic situation.  
 
4.2. Materials and Experimental Protocol 
The samples investigated are the same as those used in our previous study of spatially 
resolved D - T2 correlation NMR (chapter 3) [131]. Two types of glass bead samples 
were prepared in cylindrical 10 mm diameter glass tubes divided into two half cylindrical 
compartments by a membrane. In one case one compartment was packed with 100 m 
diameter glass beads and the other with 700 m diameter glass beads, and both 
compartments were filled with water. In the other case, both compartments contained 
700 m diameter glass beads, and one compartment was filled with linseed oil and the 
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other with water. The mortar sample was prepared from sand, lime putty and water 
homogeneously mixed in the volume ratio of 3:2:3 and cast into a 6 mm diameter glass 
tube, where it was dried in air for several days. Prior to analysis the sample was 
saturated with water for two to three days.  
All samples were measured on both an AV300 and an AV700 Bruker NMR 
spectrometer, to also explore the relationship between the internal magnetic field 
gradient and the polarizing magnetic field. For simplicity and to assure short deadtime, 
our pulse sequence was based on the back-projection method, employing a CPMG 
sequence with two echo times for consecutive encoding of Gint2D and T2 (Fig. 4.1). The 
90o pulse length was 11 µs. The information on Gint2D was encoded by the first part of 
the pulse sequence of constant duration t0 = 40 ms by varying the number m of 180o 
pulses from 1 to 66 in 30 steps, which is equivalent to varying the echo time. The 
relaxation and imaging encoding was accomplished in the second part of the CPMG 
echo train with 256 echoes, using a constant echo time of 600 µs and a strength of the 
imaging gradient of 0.3 T/m. The Gint2D - T2 experiments lasted up to 2 h with 4 scans. 
All measurements were repeated with a repetition time of 4 s in order to fully recover the 
longitudinal magnetization and dissipate the heat generated by the current pulses in the 
rf coil and the gradient coils to avoid heating the samples and evaporation of the water. 
The data were processed by 2D inverse Laplace transformation with the Schlumberger 
algorithm [126]. 
 
 
4.3. Methods and Theory 
The Gint2D - T2 correlation map was measured with a modified CPMG sequence, which is 
split into two parts [127]. By varying the echo time tE1, Gint2D is encoded by the first part 
while the total encoding time for the first part t0 kept constant so that the relaxation 
attenuation remains constant and only the effect of the internal gradients varies. The 
second part of the pulse sequence is a normal CPMG sequence, which encodes 
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transverse relaxation. By setting a short echo time tE2 signal attenuation from Gint2D is 
minimized. When neglected, the echo attenuation can be described as 
   202E12int22int22int02E1 /exp32exp)/1,()/1(d)d(0,0/,32 Tt
ttDGTDGfTDGsttts 














  , (4.2) 
where f(Gint2D, 1/T2) is the joint probability density of finding pairs of (Gint2D, T2), t = n tE2, 
and D is the diffusion coefficient of the fluid. Due to the fact, that the acquisition of the 
signal starts after a time interval t0 the signal from short T2 components, which usually 
go along with strong internal gradients, can be lost in this experiment.  
Equation (4.2) appears deceptively simple, but its interpretation for fluids in porous 
media needs some discussion. The fluids are confined in pores where their diffusion is 
 
 
Figure 4.1. Pulse sequences for Gint2D - T2 correlation NMR and back-projection
MRI. From scan to scan the imaging gradients are rotated in the xy plane. a)
Modified CPMG sequence for Gint2D - T2 correlation NMR. Gint2D is encoded in the
first part of the CPMG sequence with different echo times tE1. b) Imaging gradients
for back-projection imaging with Gint2D - T2 resolution. The gradient field is turned off
only for the rf pulses to limit off-resonance effects and accommodate the gradient
protection of the spectrometer. Otherwise the gradient field is constant in time. 
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restricted. Restricted diffusion of fluid molecules in the presence of a gradient is 
characterized by three length scales, the diffusion length, the dephaseing length and the 
pore size [128, 129]. The diffusion length is lD = (D ) 1/2, where  is the diffusion time of 
the molecules. For the CPMG sequence the diffusion length is lD = (D tE/2)1/2, where tE is 
the echo time. The dephaseing length is lG = (2 D /  Gint)1/3, where  is the 
gyromagnetic ratio. To properly account for its interpretation as a dephasing length, we 
include a factor 2 in contrast to the literature [129]. It is a measure of the distance, 
which molecules must travel to accumulate a 2 phase shift. The magnetization of 
molecules that diffuse further than the dephaseing length is completely dephased and 
cannot contribute to an echo. Finally there is the length ls of the pore. These three 
length scales determine how the molecular motion is mapped in the Gint2D - T2 
correlation diagram. 
When the diffusive length satisfies lD << ls and lD << lG, the regime is called free 
diffusion regime. In this regime only a small fraction of all molecules experience the 
walls of the pores, the restriction of diffusion is not severe, and the diffusion attenuation 
exponent depends on tE3. In this regime, Eqn. (4.2) is still valid but the diffusion 
coefficient D should be replaced by the apparent diffusion coefficient Dapp. The second 
regime is the motional averaging regime, in which lS is the shortest length scale, i. e. ls 
<< lG and ls << lD. In this regime the magnetic field inhomogeneities are averaged out by 
the diffusive motion, and the echo amplitude decays much slower. The third regime is 
the localization regime, in which lG is the shortest length scale, i. e. lG << ls and lG << lD. 
In this regime the signal is mainly from the spins within a distance lG of the pore walls, 
where restricted diffusion has reduced the signal loss from dephaseing of magnetization 
components. The spins far from the pore walls, however, contribute no signal because 
their magnetization has completely dephased from diffusive translation though the 
gradient field. The diffusion attenuation exponent varies with tE in this regime. 
In the case that the internal magnetic field can no longer be approximated by a 
linear field, an effective internal gradient Gint,eff can be introduced describing the average 
field inhomogeneity over the length lG = (2  D /  Gint,eff)1/3 [130]. For the whole sample 
the total magnetic field variation is bounded by  B0, this means that Gint,eff lG   B0. 
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Then the maximal internal gradient that can be measured in the sample can be 
estimated from 
Gint,max  ( /( 2  D))1/2 ( B0)3/2, (4.3) 
and the corresponding structural length is given by 
l* =  B0 / Gint,max = (2  D /(  B0))1/2, (4.4) 
which is also the shortest dephaseing length. The quantity l* is a critical length which 
can be used to characterize the pore size. For pore sizes smaller than l* the field 
inhomogeneties are averaged out by restricted diffusion and the magnetization of the 
pore fluid is unaffected by the internal gradients in high magnetic field except for a really 
short echo time. This is the motional averaging regime. Magnetization from fluids in 
pores larger than l* belongs to the localization regime or free diffusion regime, where 
the magnetization decay depends on the diffusion time. In this work, Gint2D - T2 
correlation maps are measured, where the effects of internal gradients Gint and diffusion 
D cannot be separated. Given maximum diffusion lengths of 6.8 m for water diffusion 
with D = 2.310-9 m2/s and maximum diffusion times of 20 ms, we assume the validity of 
the free diffusion regime for all three samples and with it the validity of Eqn. (4.2). All 
experimental data were inverted according to Eqn. (4.2), and the validity of this 
inversion and the meaning of the results from this inversion are discussed below. 
Spatially resolved Gint2D - T2 maps were acquired by back-projection imaging with 
pulsed space encoding gradients applied during the relaxation-detection period of the 
sequence (Fig. 4.1). The gradient direction was varied from scan to scan in 16 steps. 
Back-projection imaging was used in order to achieve short echo times. The basic 
strategy of obtaining spatially resolved Gint2D - T2 maps follows the same way as 
discussed in chapter 3 for measuring spatially resolved D - T2 maps [131]. First regions 
of similar contrast are identified in a conventional high-resolution spin-echo image. Then 
Gint2D -T2 resolved MRI data are acquired with low resolution for the benefit of shorter 
experimental time. The Gint2D -T2 maps from the low-resolution pixels in regions of 
similar contrast identified in the high-solution image were added to obtain maps for the 
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sample regions of similar contrast. Low resolution images from back-projection imaging 
were constructed by Fourier transformation and inverse Radon transformation, which 
were computed with Matlab® code.  
 
4.4. Results and Discussion 
4.4.1 Glass-Bead sample  
To interpret the experimental data, the applicable diffusion regime needs to be 
determined by estimating the three diffusion lengths lD, lG, and ls. The quantity  B0 can 
be estimated from the inhomogeneous line-width  of the NMR spectrum according to 
 =   B0 / (2). (4.5) 
The glass-bead sample contained two kinds of glass beads with diameters of 100 m 
and 700 m. The size ls,min of the smallest pores is about 20 m. The structural length l* 
follows from Eqn. (4.4) to 0.85 m and 0.63 m for the AV300 and AV700 
spectrometers, respectively.  Thus all pores in the sample are large pores because ls,min 
>> l*,  and from this diffusion is estimated to occur in the free diffusion regime or in the 
localization regime. The echo times for these experiments range from 600 s to 40 ms 
and thus lD is in the range from 0.83 m to 6.8 m which means that lD << ls,min in most 
cases.  
The internal gradients estimated from the data measured with the AV300 
spectrometer at 7 T range from 0.25 T/m to 19 T/m (Fig. 4.2), and the calculated values 
of the dephasing length lG range from 1.3 m to 5.6 m. Generally small pores generate 
strong internal gradients, which correspond to short lG. The corresponding signal can 
only be detected at short echo time which means short diffusion length lD due to short 
T2. Large pores generate weak internal gradients. This corresponds to long lG, and their 
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signal attenuation can mainly be detected at longer echo time due to longer T2. Thus at 
7 T, the molecular diffusion for this sample is in the region between the free diffusion 
regime and the localization regime due to lG  lD. In this case the echo attenuation due 
to diffusion in the internal gradients still shows a strong dependence on the echo time, 
which is similar to the free diffusion case. Thus inversion of the data following Eqn. (4.2) 
is still acceptable. For the measurement with the AV700 spectrometer at 16 T, the 
internal gradient is stronger but the dephaseing length depends on the gradient strength 
only weakly so that the discussion above remains valid. 
The measurements from the glass-bead sample at 7 T with the AV300 
spectrometer are summarized in Fig. 4.2. In the high-resolution spin-echo image (Fig. 
4.2c) as well as in the low-resolution Gint2D - T2 resolved back-projection image (Fig. 
4.2d), region A with the large beads lights up. This is because the NMR signal in 
compartment B with the larger glass beads is associated with a smaller surface-to-
volume ratio of the interstitial pore space and a smaller internal gradient, so that T2 is 
larger. Conversely, the fluid in compartment B with the smaller glass beads is 
associated with a larger surface-to-volume ratio and a larger internal gradient giving rise 
to shorter T2. Thus the signal from the water in the pack with small beads is attenuated 
by more rapid T2 relaxation as well as by diffusion in stronger internal gradients. The 
individual T2 distributions for either bead-pack overlap only partially (Fig. 4.2b) and this 
signature of the bead-packs can be disentangled in spatially resolved D-T2 maps. The 
internal gradient value on the right hand side of the maps (Fig. 4.2e-h) is calculated by 
the value on the left side of the maps under the assumption that the diffusion coefficient 
of the fluid molecules is constant across the sample, taking the bulk water diffusion 
coefficient in this case. Within the validity of this assumption, the right hand side of the 
maps represents the distribution of apparent internal gradients.  
All maps show a negative correlation between Gint2D and T2. This indicates, that 
the impact of the gradient dominates the impact of diffusion in the pores and that the 
f(G2D,T2) maps of the glass-bead sample approximate the internal-gradient - relaxation 
maps. From the experimental data the order of magnitude of the internal gradients can 
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Figure 4.2. Summary of measurements from the glass-bead sample at 7 T with the AV300
spectrometer. a) Photo of the glass-bead phantom with two compartments separated by a
plastic membrane and containing 100 µm diameter and 700 µm diameter glass beads. b) T2
distributions of either compartment (green and red) and both compartments together (blue). c)
High-resolution spin-echo image acquired with an echo time of tE = 3.69 ms with a resolution of
x = y = 50 m. d) Low-resolution back-projection image acquired with Gint2D - T2 resolution on
162 pixels. e) Gint2D -T2 map measured without spatial resolution. On top and on the right, the
projections along the internal gradient and the relaxation dimensions are shown (green) in
comparison with 1D T2 distributions measured individually (blue). f) Gint2D - T2 map from the sum
over all pixels. g) Gint2D - T2 map from the pixel sum over region A. h) Gint2D - T2 map from the
pixel sum over region B.  
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be estimated to be 1 T/m assuming a diffusion coefficient of free bulk water molecules. 
The integral Gint2D - T2 map of the whole sample (Fig. 4.2e) measured with the pulse 
sequence in Fig. 4.1a and the Gint2D - T2 map (Fig. 4.2f) obtained by summation of pixels 
from the low-resolution image agree reasonably well. The signal at strong internal 
gradient and short T2, however, in the 2D Gint2D -T2 correlation map is attenuated much. 
This is because the long preparation time t0 during the internal gradient encoding period 
and the stronger internal gradient for smaller pores lead to significant signal loss. Figure 
4.2g and Fig. 4.2h show that the water in the region with the small glass beads (region 
B) experiences stronger internal gradients and smaller relaxation times and the water in 
the region with the large glass beads (region A) experiences weaker internal gradients 
and larger relaxation times. 
Figure 4.3 shows the experimental results measured at 16 T with the AV700 
spectrometer. Due to the higher magnetic field, the 2D Gint2D - T2 correlation map 
presents distributions with shorter T2 and higher internal gradients. One observation 
should be mentioned that the measured maximum internal gradient at 16 T is similar to 
that at 7 T. The reasons are twofold: First, the signal from the smallest pores having 
strongest internal gradient and shortest T2 is lost at this high magnetic field in the 
deadtime of the experiment. Second, due to the existence of stronger internal gradients 
the dephasing length is shorter, so that the diffusion of the water molecules deviates 
more from the free diffusion regime, and  the  echo  attenuation  from diffusion shows  a 
weaker dependence on the echo time. As a result, when inverting the experimental data 
according to Eqn. (4.2), the internal gradient strength is underestimated.  
 
4.4.2 Glass-Bead sample filled with oil and water 
For the two-compartment glass-bead sample filled with water the negative correlation of 
the Gint2D - T2 maps (Figs. 4.2 and 4.3) are dominated by the distribution of internal 
gradients and the distribution of relaxation times. These maps are contrasted by the 
Gint2D - T2 maps of the two-compartment glass-bead sample where one compartment 
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Figure 4.3. Summary of measurements from the glass-bead sample at 6 T with the AV700
spectrometer. a) Photo of the glass-bead phantom with two compartments separated by a
plastic membrane and containing 100 µm diameter and 700 µm diameter glass beads. b) T2
distributions of either compartment (green and red) and both compartments together (blue). c)
High-resolution spin-echo image acquired with an echo time of tE = 3.69 ms with a resolution of
x = y = 50 m. d) Low-resolution back-projection image acquired with Gint2D - T2 resolution on
162 pixels. e) Gint2D - T2 map measured without spatial resolution. On top and on the right, the
projections along the internal gradient and relaxation dimensions are shown (green) in
comparison with 1D T2 distributions measured individually (blue). f) Gint2D - T2 map from the sum
over all pixels. g) Gint2D - T2 map from the pixel sum over region A. h) Gint2D - T2 map from the
pixel sum over region B. 
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is filled with oil and the other with water (Figs. 4.4 and 4.5). Here the dominating impact 
is by the diffusion coefficient and the relaxation time. Again one needs to determine 
which diffusion regime is applicable. The diffusion of water is similar to the case 
discussed before. Yet oil has a much smaller diffusion coefficient albeit magnetic 
susceptibility similar to that of water. This leads a much shorter lD and a similar lG. 
Consequently the diffusion of oil in the pack of 700 m diameter glass beads is 
completely free, because lD << ls and lD << lG. Thus Eqn. (4.2) is valid for inverting the 
experimental data. 
The results measured at 7 T with the AV300 spectrometer are summarized in 
Fig. 4.4. The high-resolution spin echo image (Fig. 4.4b) depicts two regions of the 
sample containing oil and water separately, which are divided by a plastic membrane. 
While the high-resolution image shows little contrast between two regions, the low-
resolution back-projection image (Fig. 4.4c) acquired with the Gint2D - T2 resolved MRI 
pulse sequence (Fig. 4.1) provides good contrast between the two regions due to the 
diffusion filter effect activated by the presence of the internal gradient. In order to 
elaborate the Gint2D - T2 distribution, Figs. 4.4f and 4.4g show the Gint2D - T2 correlation 
maps for the water and the oil compartments separately. The T2 distributions overlap 
completely for the two compartments, but in the Gint2D dimension the distributions of the 
two compartments overlap only for small parts and they are separated by two orders of 
magnitude. The internal gradient scale on the right hand side of the maps (Figs. 4.4f-g) 
has been calculated from the values on the left hand side of the maps under the 
assumption  that  the diffusion coefficient of the fluid molecules is constant across the 
compartment with a value of the diffusion coefficient of 1.92×10-9 m2/s for water and 
1×10-11 m2/s for oil from Fig. 4.4e [131]. As the internal gradient distributions for the oil 
and the water compartments water are similar, the difference of the signal positions in 
the Gint2D dimension is mainly due to the different diffusion coefficients. The Gint2D - T2 
correlation map (Fig. 4.4h) for whole samples agrees well the Gint2D -T2 correlation map 
(Fig. 4.4i) obtained by summation of pixels from the low-resolution image. By 
comparison to Figs. 4.4f-g, it is clear that the biggest peak in these two maps is mostly 
from water and only a small portion of the peak is from oil. The Gint2D - T2 distributions 
extracted from the low-resolution image for regions A and region B (Figs. 4.4j and 4.4k) 
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Figure 4.4. Summary of measurements at 7 T with the AV300 spectrometer from the glass-
bead sample filled with oil and water. a) Photo of the glass-bead phantom with two
compartments separated by a plastic membrane and containing water and oil. b) High-
resolution spin-echo image acquired with an echo time of tE = 3.69 ms with a resolution of x =
y = 50 m. c) Low-resolution back-projection image acquired with Gint2D - T2 resolution on 162
pixels. d) Integral T2 distribution. e) D - T2 map. On top and on the right, the projections along
the diffusion and relaxation dimensions are shown (green) in comparison with 1D T2 and D
distributions measured individually (blue). f) Gint2D - T2 map of a glass beads filled with water. g)
Gint2D - T2 map of glass-bead pack filled with oil. h) Gint2D - T2 map measured without spatial
resolution. i) Gint2D - T2 map from the sum over all pixels. j) Gint2D - T2 map from the pixel sum
over region A. k) Gint2D - T2 map from the pixel sum over region B. 
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show that most fluid in region A is oil and in region B is water. Residual oil signal 
detected in the water compartment and vice versa results from blurring in the low-
resolution image. 
The results from measuring the two-compartment glass-bead sample filled with 
oil and water measured at 16 T with the AV700 spectrometer are summarized in Fig. 
4.5. Compared to the distributions measured at 7 T, the Gint2D - T2 distributions at 16 T 
are shifted in the positive direction of Gint2D values. This is due to the larger internal 
gradient present at the higher polarizing magnetic field, which is identified on the right 
hand side of the maps (Figs. 4.5e - f). Similar to the results at 7 T, the Gint2D - T2 
distributions for whole sample without spatial resolution (Fig. 4.5g) and with spatial 
resolution (Fig. 4.5h) are obtained and they agree sufficiently well with each other. 
Regions A and B contain most of the oil and water signals separately as identified in the 
corresponding Gint2D - T2 distributions (Figs. 4.5i - j). 
 
4.4.3 Mortar 
Following the study of the method with glass-bead samples of known structure reported 
in Sections 4.4.1 and 4.4.2, a mortar sample was studied, which has an a priori 
unknown structure. Again, one needs to estimate the three different lengths lD, ls, and lG 
to determine which diffusion regime applies. The characteristic length ls of the pore can 
be estimated from the D - T2 map (Fig. 4.6e) [131]. The shortest value ls,min exist in the 
smallest pores which have shortest T2 and lowest diffusion coefficient, giving ls,min = 2 
(Deff,min Δ)1/2 = 9 m.  It  is  possible  that  there are  pores  smaller  than 9 m, but these 
cannot be detected in this experiment because the T2 relaxation times of these pores 
are too short. The critical length l* of mortar sample is 1.4 m at 7 T and 0.7 m at 16 T. 
Therefore, the diffusion of water molecules in the mortar sample is in the free diffusion 
regime or the localization regime with l* << ls,min. Similar to the glass-bead samples the 
diffusion length lD is in a range from 0.83 m to 6.8 m which means that lD << ls,min for 
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Figure 4.5. Summary of measurements at 16 T with the AV700 spectrometer from the glass-
bead sample filled with oil and water. a) Photo of the glass-bead phantom with two
compartments separated by a plastic membrane and containing water and oil. b) Integral T2
distribution. c) High-resolution spin-echo image acquired with an echo time of tE = 3.69 ms with
a resolution of x = y = 50 m. d) Low-resolution back-projection image acquired with Gint2D -
T2 resolution on 162 pixels. e) Gint2D - T2 map of the glass bead pack filled with water. On top
and on the right, the projections along the internal gradient and relaxation dimensions are
shown (green) in comparison with 1D T2 distributions measured individually (blue). f) Gint2D - T2
map of a glass bead pack filled with oil. g) Gint2D - T2 map measured without spatial resolution.
h) Gint2D - T2 map from the sum over all pixels. i) Gint2D - T2 map from the pixel sum over region
A. j) Gint2D - T2 map from the pixel sum over region B. 
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most echo times. The apparent internal gradient measured at 7 T can be obtained from 
Fig. 4.6f, which ranges from 0.1 T/m to 10 T/m. Thus the dephaseing lengths lG range 
from 1.6 m to 7.4 m, and lG  lD << ls,min is true for most echo times. A diffusion regime 
between free diffusion regime and localization regime applies and the inversion of the 
data following Eqn. 4.2 still valid for these experiments. For the data measured at 16 T 
the discussion is similar due to the weak dependence of lG on the strength of internal 
gradient. 
The T2 relaxation peaks of mortar relate to water in three kinds of environments: 
The shortest T2 is from water bound in the cement gel structures (CSH), the 
intermediate T2 is from water in capillary pores, and the longest T2 is from water in 
micro-cracks [107, 108]. Sometimes water in capillary pores gives rise to two peaks 
[109]. In the T2 distribution of the measured mortar sample (Fig. 6b), the peak with 
largest T2 is assigned to essentially free water residing in micro-cracks. The two other 
peaks are from water in capillary pores. The T2 component from CSH with a T2 
relaxation time around 100 µs was not detected due to the long internal gradient 
encoding period of 40 ms in our measurements. In the Gint2D - T2 maps (Fig. 4.6f, g) the 
peak from the water with shortest T2 and lowest D has already relaxed within the long 
preparation time t0. The internal gradient value on the right hand side of the maps (Fig. 
4.6f - i) has been calculated from the Gint2D value on the left hand side assuming that the 
diffusion coefficient of the fluid molecules is constant across the sample and 
corresponds to that of bulk water. Within the validity of this assumption the right hand 
side of the maps represents the apparent internal gradient dimension. The maps show a 
negative correlation between Gint2D and T2. Similar to the glass beads sample filled with 
water in Sec. 4.4.1  the  impact  of  the  gradient  on  the NMR signal dominates the  
impact  of the diffusion coefficient in the pore so that the f(G2D,T2) maps of the mortar 
sample approximate internal gradient-relaxation maps.  
Subsequently spatially resolved Gint2D - T2 correlation maps were generated. The 
Gint2D -T2 distribution (Fig. 4.6g) obtained when summing over all pixels of the sample 
agrees reasonably well with the distribution (Fig. 4.6f) measured without spatial 
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Figure 4.6. Summary of measurements at 7 T with the AV300 spectrometer for the mortar
sample. a) Photo of the sample. b) High-resolution spin-echo image acquired with an echo time
of tE = 3.69 ms with a resolution of x = y = 53 m. c) Low-resolution back-projection image
acquired with Gint2D - T2 resolution on 162 pixels. d) Integral T2 distribution. e) D - T2 map. On
the top and the right, the projections along the diffusion and relaxation dimensions are shown
(green) in comparison with 1D T2 and D distributions measured individually (blue). f) Gint2D - T2
map without spatial resolution. g) Gint2D - T2 map from the sum over all pixels. h) Gint2D - T2 map
from the pixel sum over the dark regions. i) Gint2D -T2 map from the pixel sum over the bright
regions. 
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resolution. The Gint2D - T2 correlation map for the dark regions in the high-resolution 
image (Fig. 4.6h) shows highest signal from small pores with short T2 relaxation time 
and strong internal gradient. The Gint2D -T2 correlation map for the light region (Fig. 4.6i) 
shows predominantly signal from large pores with long T2 relaxation time and weak 
internal gradient. 
The results from the Gint2D - T2 resolved MRI study of the mortar sample at 16 T 
are summarized in Fig. 4.7. The measured minimum gradients are shifted to higher 
values due to a higher polarizing magnetic field of 16 T. The measured maximum 
gradients, however, are about the same as those detected at 7 T. This is due to the fact 
that with stronger internal gradients more signal is lost during the preparation period t0 
so that the internal gradients from small pores with gradient strengths greater than 10 
T/m cannot be detected. The Gint2D - T2 correlation map for the light region (Fig. 4.7i) 
shows highest signal from large pores with long T2 relaxation time and weak internal 
gradient. 
 
4.5. Conclusion 
All experimental data were inverted by 2D Laplace transformation following Eqn. (4.2), 
which is valid for free diffusion. The validity of the inversions of the date from the 
samples, where the diffusion is restricted, is discussed in each cases. Generally, for 
high magnetic field, the critical length l* is very small (smaller than 0.5 m), so the size 
of most of pores in porous media such as rock and mortar is larger than l*. The diffusion 
of the liquid molecules reported in this study was found to be in between the free 
diffusion and the localization regimes where the echo attenuation due to diffusion in the 
presence of internal gradients still strongly depends on the echo time similar to the free 
diffusion case and the inversion is acceptable. With increasing magnetic field the 
dephaseing length lG decreases and the dependence of the echo attenuation on the 
echo time is weaker. At high magnetic field, the diffusion behavior deviates more from 
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Figure 4.7. Summary of measurements at 16 T with the AV700 spectrometer for the mortar
sample. a) Photo of the mortar sample. b) Integral T2 distribution. c) High-resolution spin-echo
image acquired with an echo time of tE = 3.69 ms and with a resolution of x = y = 53 m. d)
Low-resolution back-projection image acquired with Gint2D - T2 resolution on 162 pixels. e) Gint2D
- T2 map without spatial resolution. On top and on the right, the projections along the internal
gradient and relaxation dimensions are shown (green) in comparison with 1D T2 distributions
measured individually (blue). f) Gint2D - T2 map from the sum over all pixels. g) Gint2D - T2 map
from the pixel sum over the dark regions. h) Gint2D - T2 map from the pixel sum over bright
regions. 
70 
 
Eqn. (4.2) and the internal gradient is underestimated. At low field, where the 
dephaseing length lG is much larger due to much weaker internal gradients, the diffusion 
in most pores obeys the free diffusion regime where lD << Ls and lD << lG. So inversion 
of the data following Eqn. (4.2) gives more reliable values when measured at low 
magnetic field. However, the signal-to-noise ratio is much lower at low magnetic field, 
which translates into measurement times unacceptably long for the small samples 
studied in this investigation. 
The Gint2D - T2 correlation maps were obtained for three different samples: a two-
compartment glass-bead sample filled with water, a two-compartment glass-bead 
sample filled oil and water, and a mortar sample. For the first sample, the impact of the 
gradient dominates the impact of diffusion in the pore, so that a negative correlation 
between Gint2D and T2 was observed. For the second sample, another case of the Gint2D - 
T2 correlation was measured where diffusion and relaxation dominate the measured 
signal. In the first case, the f(G2D, T2) maps of the sample approximate internal 
gradient-relaxation maps and the internal gradient value could be calculated with the 
assumption that the diffusion coefficient of the fluid molecules is constant across the 
sample. Lastly Gint2D -T2 correlation maps of the mortar sample were measured and 
internal gradient distributions were estimated. Moreover, spatially resolved Gint2D - T2 
correlation maps were acquired for the three samples at 7 T and at 16 T, and the 
structural heterogeneity of samples could be characterized in terms of average Gint2D -T2 
correlation maps obtained by pixel summation from regions of similar contrast. Pixel 
summation and low spatial resolution have been chosen to accelerate the measurement 
time. In the case of the glass-bead sample filled with oil and water, the results indicate 
that the Gint2D -T2 MRI method can be used to distinguish oil and water in rocks. 
Compared to measurements on 7 T, the experiments on 16 T lose more signals from 
short T2 components, which means that the 7 T spectrometer is the better choice for this 
type of experiments. 
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Chapter 5  
Conclusions and Outlook 
2D Laplace NMR was frequently used to characterize porous media on a microscopic 
level in recent years. As is well known MRI is a powerful method to investigate the 
heterogeneities of porous materials on a macroscopic level. This thesis demonstrates 
the combination of both, 2D Laplace NMR and MRI, to characterize material 
heterogeneities on microscopic and macroscopic levels with application to porous 
media. 
Spatially resolved D-T2 correlation maps were obtained for four different samples: 
three different kinds of samples, glass beads with different bead diameters saturated 
with water, glass beads filled with oil and water with a separating membrane, a wet 
mortar sample and glass beads filled with oil and water without a separating membrane. 
The pulse sequence included a modified stimulated echo employing anti-phase pulsed 
field gradient pairs to cancel the effect of internal gradients followed by a CPMG part. 
The back-projection imaging method was used in order to achieve a short echo time. 
Instead of keeping the gradients turned on during the rf pulses, they were switched on 
only during each echo for back-projection imaging to limit off-resonance effects and 
keep the gradient coil protected. The results from glass-bead samples filled with oil and 
water with a membrane show that this method can clearly identify the different 
compartments of the sample, where in one part most fluid is water and in the other part 
most fluid is oil. The D-T2 distribution obtained from the D-T2 resolved, low-resolution 
image by summing over all pixels image agrees well with the integral D-T2 distribution 
measured as a projection without spatial resolution. The D-T2 correlation maps of glass 
beads with different bead diameters saturated with water shows that the signals from 
small pores with short T2 and low diffusion coefficient can be lost due to the presence of 
long echo time and strong internal gradient during diffusion encoding period. Then a 
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mortar sample was investigated to explore the application of this method with a sample 
of unknown heterogeneity. Finally glass-bead samples filled with oil and water without a 
membrane ware examined to simulate the sedimentary rock case. The outcomes of 
these experiments indicate the macroscopic heterogeneity of porous materials can be 
readily examined by spatially resolved D-T2 correlation maps. This method could be 
particularly useful in studies of rocks filled with oil and water in the petroleum industry.  
The measurement time for spatially resolved 2D Laplace NMR is inherently long 
when the experiment is executed in a straightforward way with a conventional D-T2 
pulse sequence preceding an imaging sequence. Such a measurement can take 
several days. With back-projection imaging, the imaging part and the T2 encoding part 
are combined into one to save measurement time. Resorting to lower resolution is the 
second way explored to save measurement time. The third approach used in this work 
is to improve the signal-to-noise ratio by summation of D-T2 correlation maps from 
voxels with similar contrast. In our experiments the resolution is limited to around 0.4 
mm and the measurement time is 4 h. If the resolution is increased to 0.04 mm, then the 
measurement time will be 40 h. A further strategy to shorten the acquisition time is to 
make use of the principles of sparse sampling such as compressed sensing [132,133]. 
This will be explored in subsequent work.  
Then spatially resolved Gint2D-T2 correlation experiments were implemented for 
three samples to acquire a better understanding of relationship between pore structure 
and internal gradients. For the first sample, the internal gradient dominating case was 
investigated and only in this case the internal gradient value can be calculated with the 
assumption that the diffusion coefficient of the fluid molecules is constant across the 
sample. This thesis delineates the limitations of this assumption which was used in the 
previous research. For the second sample, another case of the Gint2D - T2 correlation 
was measured where diffusion and relaxation dominate the measured signal. These 
results from second sample show the possibility of employing the Gint2D - T2 correlation 
map to distinguish oil and water in rocks. Then Gint2D -T2 correlation maps of mortar 
were measured to test this method in a real case and internal gradient distributions 
were estimated. These experiments were implemented at 7 T and at 16 T 
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spectrometers to examine the relationship between magnetic field strength and internal 
gradient strength.  
The method can be extended to low field NMR such as core scanners. Spatial 
resolution can be introduced by back-projection imaging, by using one time-invariant, 
transverse gradient and rotating the sample in the magnet. This eliminates the need for 
bulky and costly gradient amplifiers, so that the measurement schemes explored in this 
work can eventually be implemented on scanners with simple, dedicated magnets. An 
important benefit of measuring porous media at low field is that internal gradients are 
weak. At 300 MHz the internal gradients in the glass bead samples are of the order of 1 
T/m so that their impact on diffusive signal attenuation could not be eliminated even at 
short echo time. At lower field say 30 MHz, the internal gradient is a factor 10 times 
lower than at the field strength we measured. However, as the signal-to-noise ratio 
roughly scales with B02 the measurement time will be 100 times longer than at high field 
given the same voxel size. This is unacceptably long and the measurement time needs 
to be further shortened, e.g. by increasing the voxel size with larger samples and by 
methods of sparse sampling and hyper-polarization. This method could be particular 
interesting for petroleum industry to distinguish oil and water in highly heterogeneous 
sedimentary rocks. 
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